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ABSTRACT
This thesis details the development of new synthetic methods for making polymers
with complex molecular structures. Calix[4]arenes and triptycenes are the two major
molecular building blocks for constructing the functional polymers. Unusual properties, with
the emphasis on mechanical and sensory properties, are demonstrated.
In Chapter 2, early investigations on the synthesis of main-chain calix[4]arene
polymers are introduced. High molecular-weight main-chain calixarene homopolymers via
linkages on lower rims are synthesized by the polymerization based on acetylenic coupling
reaction. The conformation of calixarene monomers dictates the ability to produce the new
polymers: the calix[4]arene monomers with a partial cone conformation produce high
molecular-weight polymers while the calix[4]arene monomers with a cone conformation only
afford oligomers. Other polymerization methods, including Sonogashira coupling and Cu(I)-
catalyzed Huisgen 1,3-dipolar cycloaddition, are also investigated but found to be inferior to
the acetylenic coupling polymerization.
In Chapter 3, main-chain calix[4]arene elastomers are achieved by metathesis
reactions. Alkene-bridged calix[4]arene monomers are synthesized by ring-closing metathesis
(RCM). All the three possible conformers (cone, partial cone, and 1,3-alternate) are used as
comonomers with cyclooctene and norbornene in ring-opening metathesis polymerization
(ROMP). The resultant polymers are high molecular-weight, transparent and stretchable
materials with high calixarene incorporation (up to 25 mol% or 70 wt%) and low glass
transition temperatures. The conformational properties of the calixarene moieties play a
crucial role in determining the mechanical properties of the polymers.
In Chapter 4, the single-walled carbon nanotube (SWCNT)/polythiophene
(PT)/calixarene polymer (CP) three-component hybrid system is demonstrated to be a simple
chemiresistive sensory platform by utilizing the host-guest chemistry between calixarenes and
analytes. To improve the sensing performance, a new polythiophene with pedant calixarenes
(CalixPT) is then synthesized by a precursor polymer route. The new CalixPT is able to
disperse SWCNTs. The stable and homogeneous dispersions can be easily processed to
chemiresistive sensors for selective detection of xylene isomers. The sensing performance of
the simplified SWCNT/CalixPT two-component system is greatly enhanced.
In Chapter 5, high molecular-weight 1,4-linked triptycene polycarbonates (PCs) are
synthesized by an optimized melt polymerization process. The triptycene-PCs exhibit
improvements in modulus by over 20% and improvements in compressive strengths by nearly
50% at both low and high strain rates without any apparent sacrifice to ductility and
transparency, in comparison to commercial bisphenol A PC. This is a further evidence of
previously proposed molecular threading and interlocking mechanisms derived from the
unique internal free volume (IFV) of the triptycene units.
In Chapter 6, a modified ring-opening insertion metathesis polymerization (ROIMP)
in ionic liquids (ILs), which employs the use of simple acyclic dienes as the comonomers and
takes advantage of ILs' high boiling point to allow the application of high reaction
temperature and low pressure, is developed. The new polymerization method is applied to
making triptycene elastomers (both 1,4-linked and 2,6-linked) with high molecular weights
and triptycene incorporations. The 1,4-linked triptycene elastomers are for fundamental
studies of the IFV mechanism. The 2,6-linked triptycene elastomers are proposed to exhibit
negative Poisson's ratio at the molecular level.
Thesis Supervsior: Timothy M. Swager
Title: John D. MacArthur Professor of Chemistry and Department Head
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Chapter 1
Introduction
The two major molecular building blocks in this thesis are calix[4]arene and triptycene.
Our objectives are to incorporate these functional molecular structures into polymers, either in
main chains or as pendants, for designed applications or properties. The basics of the two
molecules integral to our studies are introduced in this chapter. Task-specific synthetic
approaches, with an emphasis on the newly developed or modified polymerization methods,
will be elaborated in each of the following chapters. We will focus on mechanical and sensory
properties, whose principles and backgrounds are also presented in this chapter.
1.1 Calix[4]arene
Calix[4]arenes belong to a family of macrocyclic molecules called calixarenes.
Depending on how many aryl rings are meta-linked by bridging groups (typically methylene
groups) in a circle, the number can normally vary from four to nine. Calix[4]arene is the
smallest member in this big family, with the most "rigid" shape-persistent basket structure. Its
chemistry is empirical but has high fidelity in comparison to its higher analogs, which can
provide larger cavities but display unpredictable chemistry due to their relatively loosely
defined structures. The "rigid" basket-like shape of calix[4]arenes is not permanent. With
suitable preparation conditions and functional groups at either the lower rim (or narrow rim,
i.e., the phenolic side) or the upper rim (or wide rim, i.e., the phenyl side), the conformation of
the calix[4]arenes can either be dynamic or immobilized in one or more states. In this regard,
calix[4]arenes are flexible and their conformation is controllable, which is one of the most
attractive advantages to both chemists and materials scientists.
-20-
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Gutsche outlined the history, synthesis, characterization, and application (at an early
stage, because it evolves so fast!) of calixarenes in his seminal book,1 and a number of readily
practicable synthetic recipes, including the synthesis of various calixarenes and their
subsequent functionalizations, were compiled in the book Macrocycles Synthesis.2 Many
review articles and books3 can be found, summarizing state-of-the-art research progress in
certain timeframes or comprehensive sets of characteristics. The Swager group has long-term
interest in implementing supramolecular chemistry to construct functional assemblies and the
calixarene theme was highlighted in several Ph.D. theses.4
Scheme 1.1. Synthesis of Resorcarenes (adapted from ref. 5)
HO
H1 Resorcinol 2 RAlkyl
I Resorcinol 2 R = Alkyl
3 Resorcin[4]arenes
It should be pointed out that, usually, calixarenes refer to phenol-derived species by
default. Historically, resorcinol-derived analogs were also called calixarenes, but nowadays
they are more commonly named resorcarenes or resorcin[n]arenes. Resorcarenes (see Scheme
1.1) present another versatile skeleton for functional architectures, particularly in the areas of
molecular cavitands and capsules,5 and nonporous organic solids for guest storage and
transport.6 Unless otherwise noted, calixarene in this thesis refers to phenol-derived
calix[4]arene. Calixarenes are better skeletons for our purposes because their most reactive
-21-
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sites (the phenolic sites) are located in the lower rim. If the calixarenes are inserted into
polymer main chains through their lower rim, amplified motion at the upper rim can be
achieved when a mechanical stimulus is applied to the polymer backbone. If they are attached
as pendants through the lower rim, their widely open cavity is more accessible to guest
molecules.
Scheme 1.2. Synthesis ofp-tert-Butylcalix[4]arene and Functionalizations
H~K cat. NaOH
Ph2O, heat
OH
A1C13, PhOH
toluene, r.t.
upper nm and/or
lower rim
functionalizations
-----
lower rim
functionalizations
Following optimized procedures,7 calixarenes can be easily synthesized in one-pot and
large scales from inexpensive starting materials. As shown in Scheme 1.2, p-tert-
butylcalix[4]arene, synthesized from p-tert-butylphenol and formaldehyde with the template-
assistance of an alkali metal cation (Na+ for calix[4]arene), serves as the precursor for other
functionalized derivatives. tert-Butyl groups can be removed by a Friedel-Crafts-type
dealkylation reaction, 8 freeing up the upper rim locations for installation of other functional
groups.
It should be emphasized that the conformation of calixarenes can change during
functionalization, especially with reactions occurring at the lower rim. Alkylating reagents,
templating reagents, bases, solvents, the existing upper-rim substituents, and even subtle
conditions like temperatures and reaction times, can all share a role in determining the
- 22-
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outcomes of the reactions, particularly the degree of alkylation and conformational properties
of the resulting calixarenes. It is hypothesized that once the hydrogen bonding responsible for
locking the basket shape is eliminated during reaction, one or more phenolic ends can flip over
and pass through the annulus of the calixarenes, causing conformational interconversion.
Putting a stopper substituent larger than an ethyl group on the phenolic side can completely
shut down the interconversion and immobilize the conformation. Therefore, the conformational
outcomes can be explained and predicted, to some extent, by a synergistic consideration of
templating assistance, steric effects, hydrogen bonding, cation-7r interactions, and some other
factors.9 By careful selection of reaction conditions (theoretical guidance + experience + luck),
functionalized calixarenes may be achieved with desired conformation(s). However, it is safe
to say that most of the time the outcome is not predictable, especially for cases where specialty
functionalities are already presented on the calixarene scaffold.
OH  OH HO
OH OH OH HO
cone partial cone 1,3-alternate 1,2-alternate
(paco) (1,3-alt) (1,2-alt)
Figure 1.1. Top: The four major conformations of p-tert-butylcalix[4]arene. Bottom: 3-D
representations of the residues of the four conformers.
-23 -
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Besides the four major conformations of calix[4]arenes illustrated in Figure 1.1, there
are "intermediate" conformations with subtle deviations: for instance, a pinched cone
conformation (shown on the right side of Figure 1.2). In such a conformation, two opposing
aryl rings diverge away from each other and the other pair comes closer to an almost parallel
position. In this sense, the calixarene can be regarded as a molecular hinge and actuation can
be realized if this capability of motion is coupled with a directed chemical or mechanical
stimulus.
easy to be functionalized at *conformationally flexible
I Iar rim
and
lower rim molecularhinge
cone pinched cone
ample host-guest chemistry with neutral molecules and ions
Figure 1.2. A cartoon highlighting the characteristics of calixarenes.
Calixarenes are also well known for their versatile dynamic receptor abilities for a
wide variety of species, including neutral molecules, 10 cations" and anions. 12 Due to the vast
volume of available derivatization methods, the hydrophobic and electronic properties of the
deep cavity can be easily tuned for specific guest binding. For example, a calixarene with
adamantyl groups at the upper rim has a strong selectivity for p-xylene, 13 due to the increased
-24-
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hydrophobicity of the pocket and an extended cavity shape. Additional skeletons with
recognition motifs can be installed on either side, creating ionophores with the pre-organized
structure of calixarenes. For example, the Ungaro group14 and many others 15 constructed crown
ether linkages on the lower rim and these calixcrowns were able to bind cations in a selective
fashion for either separation or sensing. On the other side, Ungaro and coworkers installed
2,2,2-trifluoroethanol groups, which are good hydrogen bond donors, at the upper rim for anion
binding. 16
SB
+
kC, ffe
Figure 1.3. A cation shuttles inside a 1,3-alt calixarene (adapted from ref. 17).
The cartoon in Figure 1.2 highlights the three most attractive features of calixarenes:
easy and pseudo-controllable functionalization, versatile conformation, and ample host-guest
chemistry. These features are interdependent and are able to impart functionality in a
collaborative manner. One can imagine that if the conformation is changed from cone to
pinched cone upon exposure to an incentive, the originally-bound guest molecules can be
squeezed out, or, reversibly, a binding event may cause a conformational change in the
calixarene. This could be a designing foundation for responsive materials.
-25-
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Another example of perfect exhibition of this collaboration is depicted in Figure 1.3.
Shinkai and coworkers demonstrated that when a cation was bound to a 1,3-alt calixarene, it
actually vibrated back and forth inside the 2n-basic tunnel, passing across the annulus. 17
Construction of the platform requires a synthesis of the tubular calixarene with the right
functionalities to achieve high binding affinity. Furthermore, the cation movement coincides
with the subtle conformational change, which means that the four aryl rings of the calixarene
need to reorganize in a concerted fashion to stretch the annulus and allow the cation to pass
through.
ýonormational chang
shape change
side-chain
polymer backbone
"insulated" I
calixarene
main-chain
polymer backbon
"conductiPe"
calixarene
I
e
Figure 1.4. Side-chain and main-chain calixarene polymers.
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If calixarene-based polymers are categorized by means of how they are incorporated,
there are mainly two kinds: side-chain polymers and main-chain polymers. As shown in
Figure 1.4, side-chain polymers contain calixarenes connected to the polymer backbones as
pendants through one or more linkages (only one linkage is shown). The original polymer
skeleton is not disrupted by the incorporation of calixarene units. Side-chain polymers are
relatively easy to make and the majority of available polymerization methods, including chain-
growth and step-growth polymerizations, can be adopted for their synthesis. This kind of
architecture is essential when one desires the structure and characteristics of the polymer
backbone to remain unaffected. In Chapter 4 we will discuss the use of polythiophene with
side-chain calixarenes as a sensory material; in this case, the extended and uninterrupted ar-
system of the polythiophene backbone is needed to maximize its interaction with the surface of
single-walled carbon nanotubes (SWCNTs).
In the case of main-chain polymers, the calixarene units are inserted into the polymer
backbone through their 1,3-opposite positions. The synthesis of main-chain polymers relies
heavily on step-growth polycondensations. Occasionally, ring-opening polymerizations can be
used, but they are restricted by the accessibility of cyclic monomers. Despite the difficulty in
synthesis, main-chain calixarene polymers could potentially exhibit unique interactive
behaviors. Unlike side-chain polymers, in which polymer backbones and calixarene units are
"insulated", any conformational changes of the calixarene moieties in main-chain polymers can
be translated to the dimensional properties of the polymer backbones, and vice versa. This
interplay could be a basic working mechanism for mechanically active or responsive materials.
The Swager group has been actively pursuing calixarene polymers, particularly
conducting polymers, mainly for sensing and actuation.13'18-23 Figure 1.5 highlights some
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published polymers, many of which are side-chain polymers with calixarenes attached to
various polymer backbones through one (7), two (4 and 5), or multiple (1) linkages. There is
only one class of main-chain polymers (2, 3, and 6), namely, polymers linked by tetrathiophene
units at the upper rim. The non-capped version (2) was envisioned to be a promising
molecular-level electronic actuating material.24 We will discuss later that our design of
functional materials requires a flexible polymer backbone, which is not a signature of
conducting polymers. Hence, new methods for synthesizing flexible main-chain polymers
through the linkages at the lower rims are highly demanded.
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Figure 1.5. Library of calixarene polymers in the Swager laboratory.
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1.2 Triptycene
6
Figure 1.6. Structures of triptycene (left, with numbering system) and pentiptycene (right).
Triptycene belongs to a family of rigid and bridged aromatic molecules called iptycenes.
Two frequently used members, triptycene and pentiptycene,25 are shown in Figure 1.6.
Triptycene was first reported by Bartlett and coworkers in 1942 for the study of bridgehead
radicals.26 Its unique paddle-wheel structure has attracted chemists' attention to construct
molecular motors,27 including rotors, ratchets, gears, brakes, and propellers. Figure 1.7 depicts
one such prototype. In this molecular rotor, the triptycene unit rotates 1200 unidirectionally
driven by the formation and cleavage of a urethane bond.2 7a Most recently, a pentiptycene-
based room-temperature light-driven molecular brake was reported.28 There are many other
interesting conceptual designs but most of them have not been realized or observed yet.
-29-
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Figure 1.7. A triptycene-based molecular rotor that can rotate 1200 unidirectionally (adapted
from ref. 27a).
Swager and Yang creatively incorporated iptycenes into poly(phenylene ethynylene)s
(PPEs) and constructed fluorescent chemosensors for the detection of explosives, such as
trinitrotoluene (TNT).29 The bulky iptycene moieties held the conducting polymer chains well
apart and prevented them from self-quenching so the polymer retains its high fluorescence in
the solid state. The unique iptycene skeleton also creates a desired porosity for nitroaromatic
molecules to diffuse into the cavities and bind to the polymer, quenching its fluorescence via
electron transfer. The highly sensitive and selective chemosensors have been commercialized
by Nomadics (now part of ICx Technologies) and the device, Fido®, has been widely utilized
in war fields and civilian locations where security is essential.
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Figure 1.8. A pentiptycene-based PPE and its sensing mechanism (adapted from ref. 29).
The porous structure derived from iptycene's molecular cavities also qualifies polymers
with iptycene subunits as low-Kc dielectric materials for semiconductor devices. Tim Long and
John Amara, both previous Swager group members, synthesized various types of iptycene-
containing polymers. 30 Dielectric constants as low as E = 2.41 (10 kHz) were achieved. At the
same time, the thermal stability of the polymers was much improved.
Another intriguing structural feature of iptycenes, which is most relevant to our interest
in this thesis, is the so-called internal free volume (IFV) defined by iptycene's molecular clefts.
Tim Long of the Swager group first qualitatively defined IFV by taking into consideration the
local cavities created by the rigid aromatic skeleton of iptycenes (top part of Figure 1.9).31 It
was consequently concluded that nematic liquid crystals (LCs) and stretched polymer chains
could align inside the IFV (bottom part of Figure 1.9) and at the same time iptycenes could
reorient themselves to a direction that can better accommodate the environmental objects.31
Such interactive behavior can give rise to a win-win benefit. Besides the application of this
concept to enhancing chromophore packing, 32 the Swager group, together with the Thomas
group in the Department of Materials Science and Engineering (DMSE), has long-term
interests in improving polymers' mechanical properties by taking advantage of the IFV concept.
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X
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Z
Figure 1.9. Definition of internal free volume (IFV) (top), and alignment of liquid crystals and
stretched polymers by minimizing IFV through occupation of iptycene's molecular clefts
(bottom) (adapted from ref. 31).
IMFV = 93 A3 IMFV= 158 IMFV - 286 A3
Figure 1.10. Space-filling models of triptycene (T), naphthalene-modified triptycene (NpT),
and tert-butyl-modified triptycene (TbT). Calculated values of inherent IMFV (internal
molecular free volume, i.e., IFV) are given below the models (adapted from ref. 33).
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Nick Tsui in the Thomas group then quantitatively measured the IFV using theoretical
simulations. "Inherent" IFVs of a series of isolated iptycenes were calculated by generating
three-dimensional space-filling models with van der Waals isosurfaces (Figure 1.10). 33 These
values could guide future design, however, as pointed out by the authors, identification of the
IFV values will become much more complicated when the iptycene moieties are covalently or
physically placed in polymer or LC matrices. Many other concerns, such as the nature of the
surrounding components, conformational and assembling structures, and interactions within the
entire system, need to be taken into account.
1.3 Mechanical Properties
Before discussing the enhancements of mechanical properties by our molecular
strategies, definitions of some important mechanical parameters and their measurements need
to be addressed. Only the information necessary to understand the related contents in this thesis
is introduced. Advanced readers may refer to Nick Tsui's Ph.D. thesis34 (and the references
therein) for detailed background and principles.
Ultimate
OY
.,____ _ . S trength
Figure 1.11. A typical stress-strain curve of a ductile polymer sample (adapted from ref. 34).
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The relationship between stress (a) and strain (E) of a typical ductile polymer sample is
graphically illustrated as a curve in Figure 1.11. The stress (tensile or compressive) a is
defined by the force applied on the sample per unit cross section, and the strain (tensile or
compressive) 8 is the displacement divided by its initial length. The slope of the initial linear
region of the curve is called the modulus (Young's modulus, E) and it is an indication of the
material's stiffness. Prior to the yield point, the material's resistance to deformation is
reversible, which means the deformation does not cause any permanent damage to the material
and the sample can return to its original shape if the exerting force is released. Deformations in
this initial region are defined as elastic. The post-yield region is called the plastic deformation
regime, in which permanent structural changes, such as chain slipping, can take place. The
yield point is the boundary of these two regions and the strength at this point (yield strength oy)
is one of the most important mechanical parameters. The area under the curve can be regarded
as the energy absorbed during the deformation process. Apparently, to achieve high energy-
absorption ability (toughness), the material needs to have both high stiffness and high
elongation capability.
Figure 1.12. Chemical structure of Kevlar® (dotted lines are hydrogen bonds).
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Conventionally, introduction of extra interconnectivity is a practical strategy to enhance
polymers' mechanical properties. Strong interactions, such as packing in the crystalline domain
and hydrogen bonding forces, may orient polymer chains at high degrees and thus increase
strength. The most successful example is the invention of Kevlar®. The chemical composition
of Kevlar® is poly(p-phenylene terephthalamide) (PPTA) as shown in Figure 1.12. The
hydrogen bonds between amide bonds laterally hold polymer chains together and also align
them axially. With such reinforcement, the Young's modulus of Kevlar® (as of Kevlar® 149)
reaches 138 GPa and its ultimate strength reaches 2.15 GPa.35 These superior mechanical
properties qualify Kevlar® to serve as light-weight body armors. However, its elongation is
only 1.5%35 and it is not transparent. Therefore, other synthetic polymer systems are needed
where ductility and transparency are crucial.
Figure 1.13. A cartoon demonstrating the concept that a neighboring polymer chain can thread
through the open triptycene cleft to minimize IFV, creating an oriented structure (adapted from
ref. 36).
Our strategy is to harness the spontaneous formation of a threaded physical network in
iptycene-based polymers (which is driven by the minimization of IFV) to design polymers with
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high ductility. As shown in Figure 1.13, a neighboring polymer chain can slide through the
open cleft of a triptycene unit to minimize the IFV during deformation. If there is another
triptycene moiety in the neighboring chain, the two chains can interlock with each other,
preventing further slippage.
- Tiiptycene Polester
Non-Triptycene Polyester
~~~[( C"L-,, -rLL(,
) 1Ennanceu
I1*
Strength
i
0 50 100 150 200
strain (%)
Figure 1.14. Stress-strain curves of triptycene and non-triptycene polyester films at room
temperature. The inserted cartoons illustrate the states in the proposed threading and
interlocking mechanism. The chemical structures of the triptycene and non-triptycene
polyesters are shown on the top (adapted from ref. 36).
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This concept has been successively applied to the polyester system. Tsui and coworkers
demonstrated that the triptycene polyester (chemical structure shown on the top of Figure 1.14)
displayed a nearly three-fold increase in Young's modulus, an approximately three-fold
increase in strength, and a more than twenty-fold increase in elongation, compared to a non-
triptycene polyester (in the control polyester, the triptycene moiety is replaced by a benzene
residue).36
With this success, we were confident in progressing to a more challenging target:
polycarbonates (PCs). PCs are an engineering thermoplastic with high glass transition
temperatures (T, -150 'C) and excellent ductility and optical clarity. Among their many merits,
the most attractive ones are corrosion resistance, non-toxicity, chemical resistance to both
staining and thermal degradation, and exceptional impact resistance. Since their market value
is already high, we expected that any further improvement on the mechanical properties of this
material would garner significant interest from an even wider range of industries.
One significant consideration is that the molecular weight of PCs is extremely crucial to
its mechanical properties. Previous efforts resulted in low molecular weight triptycene PCs
with poor mechanical properties.37 We will demonstrate in Chapter 5 that high molecular
weight triptycene PCs can be achieved by adopting an optimized synthetic procedure, and that
their mechanical properties are much superior to those of the commercial non-triptycene PCs.
One basic mechanical constant that is sometimes neglected is Poisson's ratio (v). Its
definition is pictorially depicted in Figure 1.15. By definition, most materials have positive
Poisson's ratio values, i.e., they compress laterally when stretched longitudinally. A negative
Poisson's ratio is observed in very rare, unconventional cases where a material expands
laterally when it is stretched longitudinally. Besides the occasional examples of naturally-
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occurring materials with negative Poisson's ratio (NPR),3 synthetic NPR materials were
realized only for a few prototypes and only over large length scales (i.e., not at the molecular
level).
defo
1so0ropI posafve PoMRaI n to
Poisson's ratio:
... V -S transverse longitudinal
E Strain: = AIL/L
Figure 1.15. Definition of Poisson's ratio v.
Conventional
open-cell
polymer foam
A re-entrant
Re-entrant unit cell
polymer foam cartoon
(NPR)
(a)
(b)
Figure 1.16. Two microstructure-derived synthetic NPR materials. (a) A polymer foam with a
re-entrant structure (adapted from ref. 39). (b) A poly(tetrafluoroethylene) (PTFE) with a disk-
and-strand structure (adapted from ref. 40).
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Two examples of the synthetic NPR materials are shown in Figure 1.16. In Figure
1.16-a, a polymer foam with a re-entrant structure was demonstrated to have a NPR.39 An
idealized model is shown on the right. Imaginably, if the re-entrant unit cell is pulled out from
one direction, the other two directions will pop out too, causing three-dimensional expansion.
In Figure 1.16-b, a specially processed poly(tetrafluoroethylene) (PTFE) has a disk-and-strand
structure. 40 In the relaxed state, 1, these disks tend to stack with each other and the density is
high. When the polymer is stretched, the strands tilt up the disks and increase the interspaces
between the polymer chains (2-3-4). Therefore, the density is decreased and the polymer
expands three-dimensionally.
We became very interested in developing synthetic materials with NPR at the
molecular level, which have never been achieved. 41 We reasoned that if a man-made,
molecular NPR material could be realized, chemists would have much more room to modulate
the materials' properties from the bottom up. In collaboration with materials scientists, NPR
devices with smaller length scales are envisioned to find extended applications in various fields,
especially nanotechnologies.
Two designs are illustrated in this thesis, based on calix[4]arene and triptycene
respectively. The proposed calix[4]arene-based NPR polymer is illustrated in Figure 1.17. Our
target material is a main-chain calix[4]arene polymer linked through the 1,3-positions of the
lower rim. This polymer needs to have a flexible backbone and weak interactions between the
chains. Ideally, after random coils are pulled to aligned chains during the initial stretching
process, the mechanical force of stretching is translated to a conformational change in the
incorporated calix[4]arene moieties (namely, from cone to pinched cone). The inter-chain
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spaces are consequently increased, thus resulting in lateral expansion. It is worth mentioning
that Evans and coworkers recently predicted a theoretical calix[4]arene-based polymer network
might display a NPR.42 Early investigations into the synthesis of such polymers are reported in
Chapter 2 and the achievement of the designed polymer is discussed in Chapter 3.
,ligned chains
Figure 1.17. Schematic of a proposed molecular NPR polymer based on calix[4]arene.
The proposed triptycene-based NPR polymer is illustrated in Figure 1.18. In the target
polymer, triptycene units are linked through their 2,6-positions to the main chains. Similar to
the calix[4]arene case, a stretchable and weakly interactive polymer backbone is desired. In the
relaxed state, the triptycene moieties tend to intertwine with each other, giving a relatively high
density polymer. Upon stretching, polymer chains could tilt up the triptycene units. As a result,
the density is lowered and the polymer expands laterally. Explorations into the synthesis of this
designed polymer are presented in Chapter 6.
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Figure 1.18. Schematic of a proposed molecular NPR polymer based on triptycene.
Moreover, the unintuitive NPR materials may give rise to some unexpected
properties.43 One immediate benefit is their potentially extraordinary indentation resistance,
which could be a fundamental design principle for ballistic materials. As shown in Figure 1.19,
when an object hits a material, it pushes the surrounding matter aside, resembling a tensile
deformation. However, since NPR materials expand during stretching (i.e., deformation), the
object encounters resistance that hinders or prevents its penetration into the material.
Non-auxetic Auxetic
Figure 1.19. Cartoons demonstrating indentation resistance of non-auxetic and auxetic
materials. "Auxetic materials" are synonymous with NPR materials (adapted from ref. 43).
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1.4 Chemiresistive Sensors
A fluorescent conducting polymer-based chemosensor platform was described earlier in
this chapter. With emerging demands for detecting chemical and biological agents related to
security, medical and industrial safety, and agricultural monitoring, new generations of senor
prototypes are highly desired. Among many designs, chemiresistive sensors turn out to be the
most attractive. The working mechanism is very simple: upon an analyte binding event, the
resistance of the sensory device changes. This simple detection principle is also coupled with
easy device fabrication and maintenance. Furthermore, chemiresistors are generally bestowed
with low costs, low power consumption, and the ability to be integrated into portable or
disposable devices.
Many materials have proven to be good candidates for chemiresistors, including metal
oxides, organic semiconductors, and carbon nanotubes (CNTs). Metal oxides were the most
widely used species previously, however, their selectivity is usually inferior to that of newly
emerging technologies.44 Organic semiconductors, including small molecules 45 (both metalated
and non-metalated) and conducting polymers,46 are another popular platform. They usually
have high tunablility because various recognition sites can be easily introduced into the organic
skeletons. However, stability is sometimes problematic. Recently, Trogler and coworkers
reported a phthalocyanine-based chemiresistive sensor, which can selectively detect vapor
phase hydrogen peroxide.4 7
CNTs are the rising stars of the chemiresistor world. Their unique electronic and
structural characteristics determine their unparalleled value, however, many CNT-derived
chemiresistive sensors are usually associated with sophisticated fabrication techniques. 48 For
-42 -
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example, Figure 1.20 shows a selective carbon dioxide sensor based on polymer/CNT hybrid
system. This chemiresistor can detect CO2 at ambient temperature and in low concentrations.
The disadvantage is that the device fabrication requires photolithography techniques and in-situ
generation of single semiconductive CNTs by chemical vapor deposition at 900 oC. 4 9 We will
demonstrate in Chapter 4 that a new CNT and calixarene-containing polythiophene hybrid
chemiresistor prepared by simply physical mixing is able to distinguish aromatic molecules
with miniscule chemical and physical differences.
Mr polymer
0 VI I IV CO2
0.502 BH
om 0 .05% Ri +a fr B±DL+Li
013%
0.46 4
5 10 16
t [min]
Figure 1.20. A polymer/CNT chemiresistive sensor tor detect carbon dioxide. Left top: device
layout. Left bottom: signal readout. Middle: chemical principle of sensing mechanism. Right:
chemical structure of the polymers (adapted from ref. 49).
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2.1 Introduction
Calix[4]arenes are cornerstones of supramolecular chemistry' and have been broadly
utilized in host-guest chemistry,2 directed assembly,3 and chemosensors.4 One of their features
is conformational flexibility. Calix[4]arenes suitably alkylated on the lower rim are able to
undergo conformational changes that involve ring flips (between cone, partial cone, and 1,3-
alternate conformers) in addition to subtle transitions between pinched-cone and pinched-cone
hinge conformations.5 Covalent linkages of calix[4]arenes in a polymer main-chain (i.e., to
polymerize calix[4]arenes through their 1,3-positions either at lower rims or upper rims) are
envisioned to use these individual conformational changes to achieve sensory responses 6
and/or actuatory behavior.7 In the Swager group, electroactive linkages of calixarenes through
the upper rims have been accomplished by electrochemical polymerization.8 To our knowledge,
only two lower rim linkage polymers have been reported previously (Figure 2.1).9,10 Both
types of the copolymers had relatively low molecular weights, and one1o suffered from low
incorporation of calixarene in the polymer backbone. Additionally, the glass transition
temperatures (Tg) were extremely high, which means the copolymers were not elastomers and
could not be stretched at ambient temperature.
In this chapter, selected efforts in the early investigations of synthetic approaches to
main-chain calix[4]arene polymers are described. Some mechanistic insights into the dramatic
effects on polymerization rates caused by the conformational properties of calixarenes were
obtained. These effects are generally helpful for understanding how calixarene substrates
perform in catalytic cross-coupling reactions and could potentially be important in other
sterically bulky and conformationally flexible molecular systems.
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a b
Figure 2.1. Two reported examples of calix[4]arene main-chain polymers. (a) poly(aryl ether)s
(M = 16.5 or 15.0 kDa, n/m = 0.18 or 0.25, Tg = 114 or 63 OC) (adapted from ref. 10); and (b)
a polyimide (Mn = 29.3 kDa, Tg = 238 OC) (adapted from ref. 9).
2.2 Polymerization Based on Acetylenic Coupling Reaction
Alkyne-based chemistry, such as "click chemistry"," has attracted considerable interest
in recent years. Acetylenic coupling has high atom economyl 2 and reactivity. This reaction has
been a powerful tool in building rigid and sterically undemanding molecular structures. 13
Herein, its application was extended to the construction of polymers with dense, bulky, and
conformationally active blocks via an improved homocoupling route. 14
The synthesis of the monomers is summarized in Scheme 2.1. Parent p-tert-
butylcalix[4]arene 2c was directly alkylated with terminal alkynes 1 or propargyl bromide, to
furnish monomers 3c and 4c respectively. In 3c and 4c, the cone conformations were fixed by
the remaining two free phenols through hydrogen bonding with neighboring phenolic oxygen
atoms. Monomers 2a and 2b, which are protected at the two alternate phenols, 15 were further
functionalized to contain polymerizable arms. Monomers 3b and 4b are mixtures of
conformers in dynamic equilibrium, because the relatively small methyl protecting groups
allow the aryl rings to freely rotate through the calixarene annulus. 16 Bulky benzyl groups fix
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the conformations of 3a and 4a and their ratios of partial cone (paco) conformer and cone
conformer are influenced by the synthetic conditions (see Table 2.1). The paco/cone
preference partially results from template effects of base counter ions. 17 Pure cone and paco
conformers were obtained after column chromatography or recrystallization. The cone and
paco conformations were confirmed by the well-established 'H NMR patterns of the bridge
methylene protons (see Figure 2.2 for general patterns).la For instance, 3a-cone shows one pair
of doublets (4.41 and 3.12 ppm) with a geminal coupling constant of 12.4 Hz and a difference
of 1.29 ppm between the high- and low-field protons. 3a-paco gives two pairs of doublets, one
pair at 4.08 and 2.99 ppm with a geminal coupling constant of 12.6 Hz and the other pair at
3.67 and 3.60 ppm with a coupling constant of 12.7 Hz.
Scheme 2.1. Synthesis of Monomers
- (CH 2)4 -OH
TsC1. pvridine. DCM
87%
-- (CH 2)4-OTs 1
or
Br
f'C-. CO XT-" =B3 X If
2 L3 un 1 -D Vi ot e)
2a: R=Bn K2CO 3 (R=H)2b: R=Me MeCN or THF:DMF (9:1)
2c: R=H
3a: R=Bn, n=3, 85-88%
4a: R=Bn, n=0, 84-92%
3b: R=Me, n=3, 70%
4b: R=Me, n=0, 66%
3c: R=H, n=3, 76%
4c: R=H, n=0, 69%
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Table 2.1. Base and Solvent Effects on paco/cone Ratios of 3a and 4a
entry compound solvent base paco:conea
1 3a THF:DMF (9:1) NaH 50:50
2 3a MeCN Cs2CO 3  67:33
3 4a THF:DMF (9:1) NaH 50:50
4 4a MeCN Cs 2CO 3  >100:1
a Determined by 1H NMR spectroscopy.
(a)
'H NMR Spectrum
Conformation
] cone
I I I I
4.5 4.0 3.5 3.0
8 (ppm)
s3C NMR Spectrum
noise-decoupled
Partial Cone
and
1,2-Altemate
1,3-Altemate
39 36 33 30
6 (ppm)
QOH
Hb Ha
ýOH
cone
A6 = 0.9 ± 0.2
I
Hb_ Ha
CH
flattened cone
A6 = 0.5 ± 0.1
HO
Hb Ha
H
1,3-alternate
A6 = 0
Figure 2.2. (a) General patterns of the signals in the 1H and 13C NMR spectra of the four major
conformational isomers of calix[4]arenes. (b) Conformational dependence of the chemical shift
(AS) between the high- and low- pairs of resonances of the methylene protons in the
calix[4]arenes (adapted from ref. 1 a).
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The dialkyne calixarenes were envisioned to be versatile monomers for a series of
polymerizations. Polymerization based on acetylenic coupling reaction is described herein,
followed by explorations of other polymerizations.
Table 2.2. Synthesis of Polymers
Pd(PPh 3)4 or Pd(PPh 3) 2C12
Cul, benzoquinone
i-Pr2NH, toluene
oil bath 600C 3 days
or microwave 650 C 1.5 hours
polymera oligomera
entry monomer heating method Mn Mw PDI yield Mp yield
(kDa) (kDa) (%) (kDa) (%)
1 3ab o.b. 68 116 1.71 41c 2 59
2 3ab  9w 95 165 1.73 53C 3 14
3 3a-cone 9w - - - - 4 21
4d 3a-paco o.b. 106 238 2.25 88 3 trace
5 4a-cone 9w - - - - 5 74
6 4a-paco 9w 46 61 1.31 67 4 8
7 3b w - - - - 10 90
8 4b w - - - - 3 80
9 3c w - - - - 3 25
10 4c o.b. - - - - - -
a Molecular weights and PDI were determined by GPC (polystyrene standards). Mp: peak
value. b paco:cone 1:1. c Calixarene moieties in polymers were mainly in paco conformation. d
The reaction mixture gelled in 10 minutes. After gelation, the reaction mixture was sonicated
for 1 hour and then stirred at room temperature overnight. The gel redissolved into the solution.
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In the current study, microwave (jiw) heating18 was found to shorten reaction times and
increase both the yields and molecular weights of the polymer in comparison to the
conventional oil bath (o.b.) heating method (Table 2.2 entry 2 vs. entry 1). This acceleration
effect is probably due to the homogeneous nature of microwave heating, while for oil bath
heating heat-transfer is less efficient, especially in the later stage of polymerization when the
viscosity of the reaction mixture increases dramatically. During the screening of the monomers,
we found 4c and 3e either did not react (entry 10) or only afforded oligomers (entry 9). This
effect is probably due to the interference of phenolic protons with catalytic intermediates.
Monomers 3b and 4b also gave oligomers (entries 7 and 8). We considered that the
conformational diversity and fluctuating nature of 3b and 4b prevented them from forming
polymers. Thus, we turned to a protect-freeze-deprotect route to isolate 4a in an exclusive cone
conformation. However, only oligomers were obtained under a variety of reaction conditions
(e.g., entry 5), and similar results were obtained with 3a-cone wherein a spacer was inserted
between the acetylene and the calixarene to facilitate coupling (entry 3).
Fortunately, by changing from cone to paco conformation, the polymerizations were
dramatically accelerated (entries 4 and 6). To rule out that the high molecular weights were the
result of cross-linking from a trace trifunctional impurity, we subjected 3a-paco (after column
chromatography and recrystallization) to HPLC purification. The polymerization of the
ultrahigh-purity 3a-paco produced similar results. The high-molecular-weight poly(3a-paco)
forms gels that can be completely redissolved with CHC13 after sonication. The long, rigid,
linear polymer chains, with bulky calixarene moieties, physically entangle each other and
temporarily form a network, which can then be broken by sonication.
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'Pr2Ni
iPr2NH2+1I +
0
Figure 2.3. Proposed mechanism of acetylenic coupling reaction.
PhP PPh,
N
PhP PPh 3
_' ,U fWl
Figure 2.4. ORTEP 20 drawings of 4a-paco (upper left) and 3a-cone (bottom left). Exaggerated
schematic illustrations showing proposed mechanism (right).
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The high reactivity of paco monomers is understood by considering the mechanism of
Pd-catalyzed acetylenic coupling. The proposed mechanism is illustrated in Figure 2.3. In the
catalytic cycle, the reductive elimination requires the two calixarene moieties on the Pd center
to adopt a cis configuration (this intermediate is highlighted by a red circle in Figure 2.3). 19 In
the cone conformation, steric hindrance derived from the shape makes the cis configuration at
the Pd center highly unfavorable. Reshaping the cuplike cone conformer to a pseudo-tubular
paco conformer results in reduced steric effects (Figure 2.4). To support this postulation,
single crystals of the three monomers were grown by slow vapor diffusion of precipitant into a
solution of the monomer in a good solvent. The X-ray crystal structures of 4a-paco, 3a-cone
and 3a-paco are shown in Figure 2.5, Figure 2.6, and Figure 2.7, respectively. In the paco
conformer, one aryl ring with a terminal alkyne is flipped and the t-Bu group is partially
sandwiched between the two Bn rings, likely because this conformation is stabilized by CHoo*n
interactions. This pinched paco conformation resembles a tubule with the two polymerizable
arms extending out from its midsection. The elongated geometry is favorable for polymer
growth. From the X-ray structure the cone conformer may be best characterized as a pinched
cone conformation. Despite the two longer arms of 3a-cone extending the acetylenes from the
body of calixarene, the acetylenes are still too close to the body and are inaccessible to the
catalytic center. We also have considered that the inability of the cone conformers to produce
high molecular weight polymer may also be the result of a propensity for forming cyclic
oligomers. We recognize that the conformational properties in solution are sometimes different
from those in the solid state. A better understanding of the reaction mechanism needs the
assistance of future computational studies.
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Figure 2.5. ORTEP 20 drawing of 4a-paco (C: black, 0: red, H: omitted for clarity).
Figure 2.6. ORTEP 20 drawing of 3a-cone (C: black, 0: red, H: omitted for clarity).
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Figure 2.7. ORTEP 20 drawing of 3a-paco (C: black, 0: red, H: omitted for clarity).
In pursuit of high polymer from the cone conformers we also investigated Pd-free Cu-
coupling conditions (Scheme 2.2). As shown in Figure 2.8, a trans-like geometry about the
dimeric Cu-acetylene catalytic intermediate is favored in this process.21 Considering their
structures the cone conformers were expected to encounter less steric hindrance in this scenario.
Unfortunately, all of our attempts with Cu-acetylene coupling chemistry gave only oligomers.
It is unclear whether the low polymerization efficacy is due to the sterics of the cone
conformation or the fact that the catalytic conditions which are known to be inferior to those
reported herein.14
-59-
Chapter 2
Main-Chain Calix[4]arene Polymers: Background and Early Investigations
Scheme 2.2. Selected Pd-Free Acetylenic Coupling Polymerizations
(a) Cu(OAc) 2, CuI,
pyridine, air, 600 C
(b) CuCl, TMEDA, pyridine,
o-DCB, 02, 750 C
(a) n = 0, cone, dimer, 15%
n = 3, cone, dimer and trimer, 45%
Figure 2.8. The key
(b) n = 0, cone, Mn = 4kD, 85%
n = 3, cone, Mn = 8kD, 95%
PY\ /PY
Cu R
R Cu
intermediate of Pd-free Cu-coupling conditions.
Copolymerization of calixarene dialkynes and simple dialkynes, such as 1,5-hexadiyne,
was also attempted (Scheme 2.3). The original thoughts of why copolymerization would be
beneficial were: 1) a small comonomer might be able to reduce steric hindrance in the cis
intermediate described above; 2) by inserting a spacer between calixarene moieties, flexibility
of the polymer chain might be modulated. However, no matter which condition was utilized,
the polymer product always gave two well-separated peaks in GPC, one with high molecular
weight and the other with extremely low molecular weight. The high-molecular-weight portion
was identified as a homopolymer of 1,5-hexadiyne, which sometimes was insoluble
presumably due to the ultrahigh molecular weight. The oligomer portion was determined to be
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the homocoupling product of the calixarene dialkynes. It is not clear why separate
homopolymerizations were favored instead of random copolymerization.
Scheme 2.3. Attempted Copolymerization of Calixarene Dialkynes and 1,5-Hexadiyne
Pd(PPh3)4 or Pd(PPh3)2C12
CuI, benzoquinone
i-Pr 2NH, toluene
microwave 650 C 1.5 hours
2.3 Polymerizations Based on Sonogashira Coupling Reaction
To further investigate the effects of the relative sterics and explore alternative synthetic
methods, polymerizations based on a Sonogashira coupling with 1,4-diiodobenzene was
examined. As shown in Table 2.3, the Sonogashira coupling reaction did not furnish high
molecular weight polymers. In these studies 4a-paco did not show any significant advantages
over 4a-cone (entry 4 vs. entry 3). Hence, this is additional evidence to support the proposed
role of the conformations, because in Sonogashira reactions the calixarene acetylene couples
with a sterically undemanding 1,4-diiodobenzene comonomer.
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Table 2.3. Selected Sonogashira Coupling Polymerizations
R 0 Rn
n
entry
1
2
3
4
monomer
3a-cone
3c
4a-cone
4a-paco
Cul, Pd(PPh 3)4
i-Pr2N H/toluene
65-70 OC
R
Bn
H
Bn
Bn
2.4 Polymerization Based on "Click" Chemistry
When we were endeavoring to survey suitable synthetic methods for producing high-
molecular-weight polymers, Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition 22 emerged as a
high-yielding and perfectly regioselective "click" reaction, which is supposed to be ideal for
polymerization. Without any published precedents, we adventured in utilizing this reaction to
make polymers. The diazide comonomers were purified by Kugelrohr distillation to ensure that
there were no monoazide compounds that could terminate the polymerization. 23 As shown in
Table 2.4, a series of conditions, including in-situ generation of Cu(I) species and direct
addition of Cu(I) sources, was tested. Unfortunately, none of the conditions furnished high-
molecular-weight polymer.
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16
16
11
11
PDI
2.11
1.76
1.94
1.39
yield (%)
quant.
quant.
89
67
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Table 2.4. Selected "Click" Reaction Polymerizations
Br~R~~Br
- NaN 3
N3," R' N 3
Cu(I), amine
or
CuSO4, sodium ascorbate
R'= 
-(CH2)4
A
entry R diazide catalysis solvent base/ temp time yield Mn PDI
ligand (kDa)
1 Bn B CuSO 4/SAa tBuOH/ rt 20h NRt
H20b
2 Bn A CuSO 4/SAa tBuOH/ rt 20h NR'
H20b
3 Bn A CuSO 4/SAa tolc  rt 20h NR'
4 Me A CuSO 4/SAa tolc rt 20h NR'
5 H A CuSO 4/SAa tolc rt 20h 87% 4.0 1.3
6 H B CuSO 4/SA a  tBuOH/ 500C 2d quant 3.1 1.1
H20b
7 H A CuSO 4/SAa tBuOH/ 500C 2d quant 3.5 1.2
H2Ob
8 H B CuSO 4/SAa THF/ tris(triazolyl) rt 2d 13% 4.1 1.2
H20 c  aminee
9 H B CuIl THFd 2,6-lutidine rt 2d 67% 8.9 1.5
10 H B CuIl THFd 2,6-lutidine/ rt 2d 56% 7.3 1.3
tris(triazolyl)
amine
11 H B [Cu(MeCN) 4] MeCNd 2,6-lutidine rt 2d 90% 8.1 1.5
PF6g
12 H B [Cu(MeCN) 4] MeCNd 2,6-lutidine/ rt 2d 74% 7.2 1.4
PF6g  tris(triazolyl)
amine
a. SA: sodium ascorbate. Loading: CuSO 4 2 mol%, SA 20 mol%.
b. t-BuOH:H 20 = 1:1. Concentration: 0.1 mmol/mL. The reaction mixture is a suspension.
c. If THF/H 20, THF:H 20 = 1:1. Concentration: 0.1 mmol/mL.
d. Concentration: 0.2 mmol/mL. The reaction mixture is homogeneous.
e. tris(triazolyl)amine: a ligand to promote the reaction. 26 It was synthesized as following:
N )3 3 eq. N )
2,6-lutidine, [Cu(MeCN)4]PF 6  Ph
MeCN, rt, 2d, 83%
f. NR: no reaction. Starting calix[4]arenes recovered.
g. Cu(I) loading: 10 mol%.
-63 -
Main-Chain Calix[4]arene Polymers: Background and Early Investigations
Additionally, an interesting steric susceptibility of the "click reaction" was found in the
system. A protecting group as small as a methyl group was found to totally shut down the
dipolar cycloaddition (entries 1-4), which means only the calixarene dialkyne with free phenols
at the other two positions of the lower rim could produce low-molecular-weight polymers. We
are not sure whether other factors, such as the phenolic protons, can promote the reaction, but
Tornoe et al. has reported a similar case and ascribed the effect to steric hindrance. 24
Subsequently, examples of using this "click" reaction to make polymers appeared in the
literature, 25 however, their molecular weights were limited. More efforts are needed in order to
understand the mechanism of this reaction and expand its application in polymer chemistry.
2.5 Hydrogenation and Deprotection of the Polymers
The diacetylenes can provide access into other polymer structures. They can also be
hydrogenated to give butane units in the polymer backbone by treatment with p-
toluenesulfonhydrazide (TSH) and tripropylamine (TPA)27 (Scheme 2.4). The slight
"decrease" in molecular weight of the reduced polymer may be due to its less rigid polymer
backbone. GPC, which was used throughout the study to obtain molecular weight information,
provides relative molecular weights, and is known to be affected by the rigidity of the polymer
backbone. The benzyl (Bn) protecting groups can be removed under heating with TMSBr 28
(Scheme 2.5). Although some degradation of the polymer was observed in the deprotection
reaction, the TMSBr condition was the most efficient among the conditions surveyed. It is
worth mentioning that conventional hydrogenation (H2, Pd/C) could neither reduce the alkynes
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nor remove the benzyl groups, probably because the calixarene polymers have difficulty in
interacting with the catalytic surface.
Scheme 2.4. Hydrogenation of the Polymer
TSH, TPA
toluene, ref lux, 3.5 h
95%
M n = 96 kDa, PDI = 2.2 M n = 83 kDa, PDI = 2.2
Scheme 2.5. Deprotection of the Polymer
TMSBr
CHC13, 40 OC, 2 h
86%
M n = 96 kDa, PDI = 2.2 Mn = 42 kDa, PDI = 2.0
2.6 Properties of the Polymers
All of our main-chain calixarene polymers are readily soluble in common organic
solvents. Unfortunately, all of the polymers (unsaturated backbone, saturated backbone, and
deprotected calixarene) were brittle and non-processable (See Figure 2.9 for a typical polymer
product). Differential scanning calorimetry (DSC) showed no Tg or Tm within the test window
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(-90 0C - 150 0C). Only a subtle transition at -90 0C- -650C was observed, which is characteristic
of the segmental motion of local alkyl chains. Apparently, the linkers are too short to
accommodate any motions of the bulky calixarenes. These calixarene-containing polymers
with high molecular weight may find applications in the areas that don't require mechanical
performance, but such applications are beyond the scope of the current project.
- •O 
=Bn Bn, 3
n = 0, 3
Figure 2.9. The appearance of a typical polymer product. The general molecular structure is
shown on the right.
2.7 Conclusions
Prior to this work there were no suitable methods available in the literature for making
main-chain calixarene polymers with both high molecular weight and high calixarene
incorporation. Dialkyne calixarenes were found to be versatile monomers, capable of being
used in various polymerizations, such as Sonogashira polymerization, "click" polymerization,
and acetylenic coupling polymerization.
Reaction conditions were surveyed for each polymerization. Sonogashira coupling was
found to be unable to produce high-molecular-weight polymers. However, some of the results
derived from the study could be additional evidence to prove our contention that the
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conformations of calixarenes can have important effects on Pd-catalyzed polymerizations.
"Click" polymerization did not produce high-molecular-weight polymers either. Additionally,
an interesting potential steric effect was found for the calixarene "click" system. More efforts
are needed to understand the mechanisms of these two reactions.
The acetylenic coupling reaction was considered as the ideal method for our system
because it is a homocoupling reaction. The stoichiometry is by definition perfect with pure
monomers. Copolymerizations on the other hand require accurate feeding of the two reaction
counterparts. High molecular weight main-chain calixarene homopolymers through linkages on
lower rims were successfully synthesized by this reaction. The calixarene conformation was
identified to have a profound influence on the polymerization. These synthetic methods can be
applied to the polymerizations of other sterically demanding and conformationally flexible
monomers. Main-chain calixarene polymers linked through the lower rims present new
opportunities to create materials for efficient separations, sensing, and actuation, as a result of
their dynamic receptor properties.
Our original design of molecular NPR materials requires an amorphous elastomer that
can be stretched to a large extent. The proposal is that stretching, a mechanical force will cause
the calixarene moieties to adopt a conformation that occupies a greater volume and cause the
polymer to expand three-dimensionally, and resist the applied force. Obviously, the polymers
from our early investigations could not satisfy this requirement. The acetylenic coupling,
which is the best method among those studied, is able to produce main-chain calixarene
polymers with both high molecular weight and high calixarene incorporation. However, the
resulting polymers have poor mechanical properties, probably due to their rigid backbones.
Copolymerization was not feasible, probably due to the incompatibility of the two dialkyne
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monomers, which did not allow for the rigidity of the polymer backbone to be easily varied.
An additional drawback is that this method is only efficient for calixarene monomers with paco
conformation, which limits its applications.
All the above mentioned challenges were overcome by developing a new ring-closing
metathesis followed by a ring-opening metathesis polymerization (RCM/ROMP) route, which
is elaborated in the next chapter (Chapter 3).
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Experimental Section
General Methods and Instrumentation. Nuclear magnetic resonance (NMR) spectra
were recorded on Varian Mercury-300 NMR Spectrometer. Chemical shifts are referenced to
residual solvent. High-resolution mass spectra were obtained on Bruker Daltonics APEX II 3
Tesla FTICR-MS. Microwave assisted reactions were performed in CEM Discover system
(Mattews, NC). HPLC purification was carried out on Agilent 1100 series equipped with a
Zorbax Rx-SIL (9.4 mm X 25 cm) column (Agilent Technologies, Inc.). Polymer molecular
weights were determined by gel permeation chromatography (GPC) versus polystyrene
standards (Polysciences, Warrington, PA) using THF as the eluent at a flow rate of 1.0 mL/min
in a Waters series 1525 HPLC system equipped with four Styragel HT columns operated at 35
'C, Waters in-line degasser AF, 717Plus Autosampler, 2414 refractive index detector, and
2487 dual X absorbance detector. Appropriate amount of sample (- 1 mg/mL) was dissolved in
THF and passed through a 0.45 pm PTFE syringe filter (Whatman, Clifton, NJ) prior to
injection into the column. X-ray diffraction experiments were performed on a Siemens three-
circle Platform diffractometer, coupled to a Bruker-APEX CCD detector. All synthetic
manipulations were carried out under an argon atmosphere using standard Schlenk techniques
or in a nitrogen gas filled glovebox (Innovative technologies) unless otherwise noted.
Glassware was oven-baked and cooled under N2 atmosphere. All organic extracts were dried
over anhydrous Na2SO4 and filtered prior to solvent removal under reduced pressure. The
products were dried under vacuum at least overnight to constant weight before weighing and
calculating yields.
Materials. All solvents were of spectroscopic grade unless otherwise noted.
Anhydrous dichloromethane, toluene, acetonitrile, and tetrahydrofuran were obtained using a
-69-
Main-Chain Calix[4]arene Polymers: Background and Early Investigations
solvent purification system (Innovative technologies) immediately before using. Anhydrous
DMF, diisopropylamine, pyridine, and tetramethylethylenediamine (TMEDA) were purchased
from Aldrich as Sure-Seal Bottles and used as received. Benzoquinone (BQ) was recrystallized
from ethanol and stored in dark in refrigerator. p-tert-Butylcalix[4]arene 2c was prepared by
literature methods.29 Compounds 2a and 2b were synthesized following literature procedures.15
All other chemicals were of reagent grade and used as received. The numbering of
calix[4]arene is shown in Figure 2.10.
23
5
Figure 2.10. Numbering of calix[4]arenes.
Hex-5-ynyl p-toluenesulfonate (1). To a stirred solution of hex-5-yn-1-ol (1.000 g, 0.01
mol) and p-toluenesulfonyl chloride (2.120 g, 0.011 mol) in 20 mL anhydrous DCM under ice-
water bath, was dropwisely added pyridine (0.97 mL, 0.012 mol). The mixture was warmed to
room temperature and stirred overnight. The solvent was removed in vacuum and the residue
was partitioned between 150 mL ethyl acetate and 50 mL 1 M HC1. The organic extract was
washed with 5 wt% NaHCO 3, water, and brine successively. The crude product was purified by
flash column chromatography (hexane:ethyl acetate 10:1) to yield a colorless liquid (2.187 g,
87%). 'H NMR (300 MHz, CDCl3) 6: 7.79 (d, 2H, J = 8.1 Hz), 7.35 (d, 2H, J = 8.1 Hz), 4.05 (t,
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2H, J = 6.3 Hz), 2.45 (s, 3H), 2.16 (dt, 2H, J = 2.6, 6.9 Hz), 1.92 (t, 1H, J = 2.6 Hz), 1.78 (m,
2H), 1.55 (m, 2H). 13C NMR (75 MHz, CDC13) 6: 144.70, 132.89, 129.77, 127.75, 83.29, 69.84,
68.89, 27.63, 24.10, 21.53, 17.61. HRMS-ESI (m/z) for C13H160 3S calcd. [M+Na]+: 275.0712;
found: 275.0703.
General Methods for Synthesizing 3a, 4a, 3b, and 4b.
Method A. 2a or 2b, and excess Cs 2CO 3 were suspended in dry MeCN. The mixture was
heated to reflux for 1 h and then added with excess 1 (for 3a and 3b) or propargyl bromide (for
4a and 4b). The mixture was refluxed for 2 d before cooled to room temperature. The insoluble
solid was filtered and solvent was removed under reduced pressure. The residue was
partitioned between DCM and 1 M HC1. The organic extract was washed with 1 M HC1, water,
and brine. After removing the solvent, the resultant solid was dissolved in minimum amount of
DCM and precipitated to large amount of fresh MeOH. The white precipitate was filtered after
sitting in - 40 oC freezer overnight followed by column chromatography.
Method B. NaH was used as the base instead of Cs2CO3 and THF/DMF (9/1) was used as
the solvent instead of MeCN.
5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,27-bis(hex-5-ynyloxy)-26,28-
bis(benzyloxy)calix[4] arene (3a).
Method A. 2a (5.000 g, 6.035 mmol), Cs2CO 3 (15.746 g, 48.280 mmol), MeCN (100 mL),
and 1 (3.807 g, 15.088 mmol). The white solid product was obtained as a 67/33 mixture of
paco/cone conformers (5.073 g, 85%) after column chromatography (hexane: ethyl acetate 4:1).
Method B. 2a (1.000 g, 1.207 mmol), NaH (0.076 g, 3.018 mmol), THF (18 mL), DMF
(2 mL), and 1 (0.761 g, 3.018 mmol). The white solid product was obtained as a 50/50 mixture
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of paco/cone conformers (1.048 g, 88%) after column chromatography (hexane: ethyl acetate
4:1).
Further column chromatography by eluting with hexane/DCM (5/4) afforded 3a-paco,
3a-cone, and a small amount of overlap of the two conformers. Pure 3a-paco and 3a-cone were
recrystallized from CHC13/MeOH respectively before polymerizations. For some
polymerizations, monomer 3a-paco was additionally purified by semi-preparative HPLC (10
v/v% ethyl acetate in heptane). 3a-paco: 1H NMR (300 MHz, CDCl3) 8: 7.46-7.42 (m, 4H),
7.41-7.33 (m, 6H), 7.07 (s, 2H), 7.05 (s, 2H), 6.88 (d, 2H, J = 2.5 Hz), 6.56 (d, 2H, J = 2.5 Hz),
4.73 (d, 2H, J = 10.7 Hz), 4.59 (d, 2H, J = 10.7 Hz), 4.08 (d, 2H, J = 12.6 Hz), 3.67 (d, 2H, J =
12.7 Hz), 3.63 (t, 2H, J = 7.9 Hz), 3.60 (d, 2H, J= 12.7 Hz), 3.42 (t, 2H, J = 8.5 Hz), 2.99 (d,
2H, J = 12.6 Hz), 2.26 (dt, 2H, J = 2.6, 7.0 Hz), 1.98 (t, 1H, J = 2.6 Hz), 1.96 (m, 2H), 1.93 (t,
1H, J = 2.6 Hz), 1.80 (dt, 2H, J = 2.6, 7.6 Hz), 1.60 (m, 2H), 1.35 (s, 9H), 1.27 (m, 2H), 1.07 (s,
9H), 1.05 (s, 18H), 0.89 (m, 2H). 13C NMR (75 MHz, CDC13) 8: 155.35, 153.72, 153.61,
145.06, 144.01, 143.32, 138.08, 135.92, 132.89, 132.40, 132.09, 129.62, 128.62, 128.20,
128.11, 126.22, 125.74, 125.60, 85.25, 84.23, 77.04, 72.72, 72.24, 68.98, 68.14, 37.98, 34.31,
33.99, 33.92, 31.95, 31.72, 31.61, 31.56, 30.23, 28.16, 25.18, 25.15, 22.94, 18.61, 18.41, 14.38,
32.12, 31.70. HRMS-ESI (m/z) for C70H840 4 calcd. [M+H]+: 989.6442; found: 989.6447. 3a-
cone: 1H NMR (300 MHz, CDC13) 8: 7.48 (m, 4H), 7.39 (m, 6H), 7.10 (s, 4H), 6.49 (s, 4H),
4.65 (s, 4H), 4.41 (d, 4H, J = 12.4 Hz), 3.74 (t, 4H, J = 8.4 Hz), 3.12 (d, 4H, J = 12.4 Hz), 1.99
(t, 2H, J = 2.6 Hz), 1.81 (dt, 4H, J = 2.6, 7.5 Hz), 1.72 (m, 4H), 1.33 (s, 18H), 1.14 (m, 4H),
0.85 (s, 18H). 13C NMR (75 MHz, CDC13) 8: 154.46, 152.09, 144.72, 144.33, 137.83, 135.45,
132.10, 129.71, 128.30, 128.15, 125.36, 124.51, 84.89, 78.03, 74.16, 68.08, 34.04, 33.60, 31.72,
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31.14, 29.06, 25.00, 18.38. HRMS-ESI (m/z) for C70H840 4 calcd. [M+H]+: 989.6442; found:
989.6452.
5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,27-bis(prop-2-ynyloxy)-26,28-
bis(benzyloxy)calix[4jarene (4a).
Method A. 2a (0.800 g, 0.966 mmol), Cs2CO3 (2.517 g, 7.725 mmol), MeCN (50 mL),
and propargyl bromide (80 wt% in toluene, 0.86 mL, 7.725 mmol). The white solid product
was obtained as pure paco conformer (0.805 g, 92%) after column chromatography (hexane:
ethyl acetate 4:1).
Method B. 2a (0.500 g, 0.6 mmol), NaH (0.076 g, 3.0 mmol), THF (45 mL), DMF (5
mL), and propargyl bromide (80 wt% in toluene, 0.67 mL, 6.0 mmol). The white solid product
was obtained as a 50/50 mixture of paco/cone conformers (0.455 g, 84%) after column
chromatography (hexane: ethyl acetate 4:1). Pure 4a-cone was obtained after recrystallization
from CHC13/MeOH twice.
4a-paco: 'H NMR (300 MHz, CDC13) 8: 7.51 (m, 4H), 7.36 (m, 6H), 7.08 (s, 2H), 7.01 (d,
2H, J = 2.5 Hz), 6.94 (s, 2H), 6.51 (d, 2H, J = 2.5 Hz), 4.72 (d, 2H, J = 10.7 Hz), 4.66 (d, 2H, J
= 10.7 Hz), 4.41 (d, 2H, J = 2.5 Hz), 4.28 (d, 2H, J = 13.1 Hz), 4.15 (d, 2H, J = 2.5 Hz), 3.69 (d,
2H, J = 13.5 Hz), 3.63 (d, 2H, J = 13.5 Hz), 3.08 (d, 2H, J = 13.1 Hz), 2.47 (t, 1H, J = 2.5 Hz),
2.16 (t, 1H, J = 2.5 Hz), 1.35 (s, 9H), 1.06 (s, 18H), 0.87 (s, 9H). 13C NMR (75 MHz, CDCl3) 8:
154.12, 153.74, 151.13, 145.55, 144.31, 143.91, 137.85, 136.56, 132.94, 131.97, 131.32,
129.11, 128.47, 128.33, 127.91, 125.99, 125.33, 125.27, 81.19, 80.96, 76.83, 74.51, 74.33,
59.02, 57.54, 37.48, 34.12, 33.73, 33.48, 32.10, 31.64, 31.43, 31.00. HRMS-ESI (m/z) for
C64H720 4 calcd. [M+Na]+: 927.5323; found: 927.5343. 4a-cone: 'H NMR (300 MHz, CDCl3) 8:
7.53 (m, 4H), 7.37 (m, 6H), 7.09 (s, 4H), 6.44 (s, 4H), 4.77 (s, 4H), 4.74 (d, 4H, J = 2.5 Hz),
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4.48 (d, 4H, J = 12.8 Hz), 3.08 (d, 4H, J = 12.8 Hz), 2.20 (t, 2H, J = 2.5 Hz), 1.33 (s, 18H),
0.83 (s, 18H). 13C NMR (75 MHz, CDC13) 8: 152.66, 152.22, 145.74, 144.47, 138.11, 136.41,
131.93, 129.06, 128.24, 127.77, 125.33, 124.40, 81.40, 77.74, 74.39, 59.37, 34.12, 33.57, 31.89,
31.65, 31.43, 31.08. HRMS-ESI (m/z) for C64H720 4 calcd. [M+Na]+: 927.5323; found:
927.5319.
5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,27-bis(hex-5-ynyloxy)-26,28-
bis(methoxy)calix[4] arene (3b).
MethodA. 2b (2.500 g, 3.698 mmol), Cs2 CO 3 (9.649 g, 29.586 mmol), MeCN (100 mL),
and 1 (2.332 g, 9.245 mmol). The product was obtained as a white solid (2.162 g, 70%) after
column chromatography (hexane: ethyl acetate 4:1). 1H NMR (300 MHz, CDC13) 6: 7.25-6.42
(bm, 8H), 4.34-3.06 (bm, 18H), 2.37-1.55 (bm, 10H), 1.40-1.25 (bm, 18H), 1.04 (bs, 9H), 0.80
(bs, 4H).30 HRMS-ESI (m/z) for C58H760 4 calcd. [M+Na]+: 859.5636; found: 859.5650.
5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,27-bis(prop-2-ynyloxy)-26,28-
bis(methoxy)calix[4]arene (4b).
Method B. 2b (1.010 g, 1.5 mmol), NaH (0.190 g, 7.5 mmol), THF (45 mL), DMF (5
mL), and propargyl bromide (80 wt% in toluene, 1.67 mL, 15.0 mmol). The product was
obtained as a white solid (0.740 g, 66%) after column chromatography (hexane: ethyl acetate
4:1). 'H NMR (300 MHz, CDC 3) 6: 7.37-6.58 (bm, 8H), 4.58-4.32 (bm, 4H), 4.14 (bd, 2H, J =
13.2 Hz), 3.97 (bs, 2H), 3.82 (bd, 2H, J = 13.2 Hz), 3.70 (bd, 2H, J = 13.2 Hz), 3.32-3.14 (bm,
6H), 2.47 (bs, 2H), 1.44-0.92 (bm, 36H).3 1 HRMS-ESI (m/z) for C5 2 H6 40 4 calcd. [M+Na]+:
775.4697; found: 775.4682.
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General Method for Synthesizing 3c and 4c.
2c and 1.1 equiv. K2C0 3 were suspended in dry MeCN. The mixture was heated to reflux
for 1 h and then added dropwisely with 2 equiv. 1 (for 3c) or propargyl bromide (for 4c). The
mixture was refluxed for 2 d before cooled to room temperature. The insoluble solid was
filtered and solvent was removed under reduced pressure. The residue was partitioned between
DCM and 1 M HC1. The organic extract was washed with 1 M HCl, water, and brine. After
removing the solvent, the resultant solid was dissolved in minimum amount of DCM and
precipitated to large amount of fresh MeOH. The white precipitate was filtered after sitting in -
40 OC freezer overnight followed by column chromatography.
5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,27-bis(hex-5-ynyloxy)-26,28-
dihydroxycalix[4]arene (3c). 2c (with one toluene adduct) (1.000 g, 1.35 mmol), K2C0 3
(0.206 g, 1.49 mmol), MeCN (30 mL), and 1 (0.682 g, 2.70 mmol). The product was obtained
as a white solid (0.827 g, 76%) after column chromatography (hexane: ethyl acetate 4:1). 'H
NMR (300 MHz, CDC13) 8: 7.68 (s, 2H), 7.04 (s, 4H), 6.83 (s, 4H), 4.26 (d, 4H, J = 12.9 Hz),
4.00 (t, 4H, J = 6.2 Hz), 3.31 (d, 4H, J = 12.9 Hz), 2.40 (dt, 4H, J = 2.6, 7.0 Hz), 2.13 (m, 4H),
2.00 (t, 2H, J = 2.6 Hz), 1.97 (m, 4H), 1.28 (s, 18H), 0.99 (s, 18H). 13C NMR (75 MHz, CDCL3)
8: 150.76, 149.83, 146.77, 141.31, 132.64, 127.65, 125.46, 125.03, 84.20, 75.76, 68.78, 33.94,
33.78, 31.77, 31.68, 31.03, 29.04, 25.01, 18.27. HRMS-ESI (m/z) for C56H720 4 calcd.
[M+Na]÷: 831.5323; found: 831.5301.
5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,27-bis(prop-2-ynyloxy)-26,28-
dihydroxycalix[4]arene (4c). 2c (with one toluene adduct) (2.000 g, 2.70 mmol), K2C0 3
(0.410 g, 2.98 mmol), MeCN (50 mL), and propargyl bromide (80 wt% in toluene, 0.60 mL,
5.40 mmol). The product was obtained as a white solid (1.342 g, 69%) after column
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chromatography (hexane: ethyl acetate 4:1). 1H NMR (300 MHz, CDC13) 6: 7.07 (s, 4H), 6.73
(s, 4H), 6.51 (s, 2H), 4.75 (d, 4H, J = 2.4 Hz), 4.38 (d, 4H, J = 13.3 Hz), 3.34 (d, 4H, J = 13.3
Hz), 2.54 (t, 2H, J = 2.4 Hz), 1.31 (s, 18H), 0.90 (s, 18H). 13C NMR (75 MHz, CDC13) 6:
150.33, 149.44, 147.18, 141.56, 132.53, 127.97, 125.49, 124.98, 78.75, 76.29, 63.25, 33.85,
33.82, 32.00, 31.69, 30.92. HRMS-ESI (m/z) for C50H6 00 4 calcd. [M+Na]+: 747.4384; found:
747.4367.
General Method for Acetylenic Coupling Polymerizations.
To a 10 mL microwave reactor compatible tube, were added 0.1 mmol monomer, 0.125
mmol benzoquinone, 0.032 mmol Cul, 0.0025 mmol Pd(PPh3)2C12, 0.4 mL toluene, and 0.15
mL 'Pr2NH or TMEDA. After the mixture was heated in microwave reactor at 65 OC for 1.5 h,
it was cooled to room temperature followed by diluting with 75 mL CHC13. The organic layer
was washed successively with 1 M HC1, saturated NaHCO 3 aqueous solution, 30 wt% NH 40H
aqueous solution, 1 M HC1, water, and brine before concentrated to viscous liquid. The residue
was precipitated to large amount of MeOH. After sitting in - 40 oC freezer overnight, the
precipitate was filtered and washed with several portions of fresh MeOH. Polymers were off-
white to light pale brown flakes and oligomers were powders with the same color.
Poly(3a-paco). Some polymerizations of 3a-paco were performed under 65 oC oil bath in
order to monitor the gelation. Polymerization of 3a-paco before HPLC gelled in 10 min and
polymerization of 3a-paco after HPLC gelled overnight in 65 oC oil bath. The gels completely
dissolved into CHC13 after sonication. 1H NMR (300 MHz, CDC13) 6: 7.46-7.31 (m, 1OH), 7.07
(s, 2H), 7.05 (s, 2H), 6.86 (bs, 2H), 6.56 (bs, 2H), 4.72 (d, 2H, J = 10.5 Hz), 4.56 (d, 2H, J =
10.5 Hz), 4.06 (d, 2H, J = 12.1 Hz), 3.62 (bm, 6H), 3.35 (t, 2H, J = 8.5 Hz), 2.99 (d, 2H, J =
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12.1 Hz), 2.30 (t, 2H, J = 6.3 Hz), 1.90 (m, 2H), 1.79 (t, 2H, J = 7.4 Hz), 1.59 (m, 2H), 1.34 (s,
9H), 1.22 (m, 2H), 1.07 (s, 9H), 1.06 (s, 9H), 1.05 (s, 9H), 0.88 (m, 2H).
Poly(4a-paco). 1H NMR (300 MHz, CDC13) 8: 7.39-7.26 (m, 10H), 6.99 (s, 2H), 6.95 (bs,
2H), 6.87 (s, 2H), 6.44 (bs, 2H), 4.64 (d, 2H, J = 10.5 Hz), 4.54 (d, 2H, J = 10.5 Hz), 4.47 (s,
2H), 4.18 (d, 2H, J = 12.8 Hz), 4.07 (s, 2H), 3.64 (d, 2H, J = 13.9 Hz), 3.56 (d, 2H, J = 13.9
Hz), 2.98 (d, 2H, J = 12.8 Hz), 1.27 (s, 9H), 1.04 (s, 18H), 0.82 (s, 9H).
Reduction of Poly(3a-paco). A solution of 20 mg poly(3a-paco) in 5 mL toluene was
heated to reflux followed by addition of p-toluenesulfonhydrazide (77 mg, 0.4 mmol) and
tripropylamine (77 ptL, 0.4 mmol). After refluxing for 1.5 h, another portion of p-
toluenesulfonhydrazide and tripropylamine with the same amount was added. The mixture was
refluxed for additional 2 h followed by passing through an alumina plug when it was hot. After
washing with excess CHC13, the combined organics was washed with brine twice and
concentrated to thick oily liquid. The residue was precipitated to large amount of MeOH. The
precipitate was filtered and washed with excess fresh MeOH. The reduced polymer was
obtained as an off-white flake solid (19 mg, 95%). Mn = 83 kDa,32 PDI = 2.16. 'H NMR (300
MHz, CDC13) 8: 7.45-7.33 (m, 10H), 7.07 (s, 2H), 7.03 (s, 2H), 6.88 (bs, 2H), 6.55 (bs, 2H),
4.72 (d, 2H, J = 10.8 Hz), 4.61 (d, 2H, J = 10.8 Hz), 4.11 (d, 2H, J = 12.5 Hz), 3.63 (bm, 6H),
3.45 (m, 2H), 2.98 (d, 2H, J = 12.5 Hz), 1.86 (m, 2H), 1.55 (m, 2H), 1.35 (s, 9H), 1.25-1.15
(bm, 8H), 0.95-0.68 (bm, 8H), 1.06 (s, 18H), 1.05 (s, 9H).
Deprotection of Poly(3a-paco). To a solution of 10 mg poly(3a-paco) in 1 mL CHC13,
was added TMSBr (27 jtL, 0.2 mmol). The mixture was heated at 400 C for 2 h before cooled to
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room temperature. A small amount of methanol-water was added to quench the reaction. After
stirring for 0.5 h, the solvent was removed and the residue was taken up in 50 mL CHC13. The
organics was washed with 30 wt% Na2S20 3 and brine and then concentrated to viscous oil. The
residue was triturated with hexane and the precipitate was filtered. The deprotected polymer
was obtained as an off-white flake solid (7 mg, 86%). Mn = 42 kDa,33 PDI = 2.04. 1H NMR
(300 MHz, CDC13) 6: 7.11 (s, 4H), 7.04 (s, 4H), 6.80 (s, 2H), 4.22 (d, 1H, J = 12.8 Hz), 3.91 (d,
3H, J = 15.5 Hz), 3.71 (d, 3H, J = 15.5 Hz), 3.55 (bs, 4H), 3.28 (d, 1H, J = 12.8 Hz), 2.42 (t,
2H, J = 5.0 Hz), 2.05 (m, 2H), 1.94 (m, 2H), 1.71 (t, 2H, J = 6.7 Hz), 1.61 (m, 2H), 1.29-1.25
(m, 36H), 1.06 (m, 2H).
Table 2.5. Selected Crystal Data for 4a-paco
Empirical formula C64 H72 04
Formula weight 905.22
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1
Unit cell dimensions a = 10.0557(5) A
b = 14.9830(8) A
c = 19.4748(11) A
Volume
Z
Density (calculated)
ct= 74.269(2)0.
p= 76.871(2).
y = 71.701(2) ° .
2648.9(2) A3
2
1.135 Mg/m 3
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Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 29.57'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
0.069 mm- 1
976
0.35 x 0.20 x 0.20 mm 3
2.01 to 29.570.
-13<=h<=13, -20<=k<=20, -27<=1<=26
59479
14804 [R(int) = 0.0252]
99.7 %
Semi-empirical from equivalents
0.9864 and 0.9763
Full-matrix least-squares on F2
14804 / 0 / 625
1.029
R1 = 0.0491, wR2 = 0.1271
R1 = 0.0583, wR2 = 0.1361
0.538 and -0.210 e.A- 3
Table 2.6. Selected Crystal Data for 3a-cone
Empirical formula C71 Hs85 C13 04
Formula weight 1108.74
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Orthorhombic
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Space group
Unit cell dimensions
Volume
Z
Density (calculated)
Absorption coefficient
F(O00)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 29.350
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
in Calix[4]arene Polymers: Background and Early Investigations
Pbca
a = 16.6918(8) A a= 900 .
b = 20.6408(10) A 13= 900.
c = 37.0204(14) A y = 900.
12754.7(10) A3
8
1.155 Mg/m 3
0.190 mm- 1
4752
0.28 x 0.25 x 0.18 mm3
1.64 to 29.350.
-23<=h<=23, -28<=k<=28, -51 <=1<=51
266215
17509 [R(int) = 0.0588]
100.0 %
Semi-empirical from equivalents
0.9666 and 0.9487
Full-matrix least-squares on F2
17509 / 0 / 715
1.071
R1 = 0.0560, wR2 = 0.1379
R1 = 0.0757, wR2 = 0.1519
0.668 and -0.621 e.A-3
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Table 2.7. Selected Crystal Data for 3a-paco
Empirical formula C70 H84 04 + 0.5 CHC13
Formula weight 1049.06
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/c
Unit cell dimensions a = 14.4110(12) A
b = 20.9556(17) A
c = 20.7622(17) A
Volume 6126.4(9) A3
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 21.970
Absorption correction
ca= 90 ° .
3= 102.285(3)0.
y = 9 00 .
1.137 Mg/m 3
0.131 mm- 1
2260
0.30 x 0.10 x 0.07 mm3
1.85 to 21.970.
-15<=h<=14, 0<=k<=22, 0<=1<=21
68687
7469 [R(int) = 0.0687]
99.9 %
Semi-empirical from equivalents
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Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
0.9909 and 0.9617
Full-matrix least-squares on F2
7469 / 1116 / 786
1.215
R1 = 0.0868, wR2 = 0.1940
R1 = 0.0996, wR2 = 0.2000
0.407 and -0.433 e.A -3
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3.1 Introduction
As discussed in Chapter 2, our early investigations, which focused on cross-coupling-
based polymerizations, did not furnish polymers with the desired properties. The conventional
condensation-based polymerizations prevailing in the literature are also not suitable for making
elastomers. There is a demand for developing new methods to synthesize elastomers with
complex functionalities. We were inspired by the synthesis of polyethers via ring-opening
metathesis polymerization (ROMP) of unsaturated crown ethers' (Scheme 3.1). We envisioned
that this method could be modified and applied to our calixarene system.
Scheme 3.1. ROMP of Unsaturated Crown Ethers (reprinted with permission from ref. 1)
= 1
m('J+ r~Th Iul
0 0O 0" 0) CH2012\o [ u
R
n*O: R=H
CH2CH2CONHCH(CH2Ph)COOCH3CH2CH2C0NHCH(CH 2Ph)CCOOH
In this chapter, the development of an efficient and versatile ring-closing metathesis
followed by ring-opening metathesis polymerization (RCM/ROMP) route for making main-
chain calixarene elastomers is presented. Guided by the literature methodology, the first-
generation ROMP monomer we synthesized was a calixarene with an unsaturated crown ether
moiety at the lower rim. Then ROMP conditions were thoroughly surveyed and an optimal
copolymerization system was established. With our successful proof-of-concept experiments,
we moved on to the second-generation monomers, which have all-carbon linkages and
increased ring strain. The second-generation ROMP monomers demonstrated enhanced
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reactivity. The optimized RCM/ROMP method can be applied to a wide variety of calixarene
monomers, including all three possible conformers (cone, paco, and 1,3-alt), as well as
calixarenes with different substituents at both the lower and upper rims.
The mechanical properties of the resulting elastomers were obtained by the uniaxial
stretching test. Two distinct categories of mechanical behaviors were recorded, which supports
the proposed mechanism of an internal free volume (IFV) change 2 caused by the stretch-
induced conformational changes of the incorporated calixarene moieties.
Scheme 3.2. Template Effects in RCM and ROMP (reprinted with permission from ref. 3)
A
It Ithiurn ion
SliTemplate-
Directed
RCM
ý0- -\ ROMPW
C backbiting B
3.2 First-Generation ROMP Monomer
Templating has been demonstrated to be crucial in the RCM reaction used to synthesize
unsaturated crown ethers,3 which can be used as monomers in ROMP. As shown in Scheme
3.2, oxygen atoms coordinate to the lithium cation template, making the linear acyclic diene
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precursor A encircle the template center and facilitating the RCM reaction of the two terminal
alkenes. When the template is removed, the unsaturated crown ether B can undergo the ROMP
reaction, producing high-molecular-weight polyether C, which would not be achievable by
direct acyclic diene metathesis (ADMET)4 polymerization of A. Interestingly, the addition of
lithium ions to the polymerization mixture causes polymer C to undergo depolymerization
through a backbiting process, reforming monomer B.
Scheme 3.3. Synthesis of First-Generation Monomer
1
O M\ N ~~h
K2C 3, eC,
refIuvx 2) A
73%
[Ru]
DCM, O OC, 20 r
100%
2: R = O
Grubbs first-generation catalyst Grubbs second-generation catalyst
Figure 3.1. Molecular structures of the two Grubbs catalysts.
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The first-generation calixarene monomer was synthesized according to Scheme 3.3.
Parent calix[4]arene with t-butyl (t-Bu) groups at the upper rim was selectively alkylated by
tosylate 1 at the 1,3-positions of the lower rim to furnish 2, which was cyclized by RCM.
Table 3.1. Conditions of RCM Reaction for Synthesizing 3
entry Grubbs catalyst template temp. reaction yield trans:cisa(oC) time (%)
1 2nd generation LiC10 4  40 5 h 93 87:13
2 1st generation LiC10 4  40 5 h 92 81:19
3 1st generation NaC10 4  40 5 h 93 71:29
4 1st generation KC10 4  40 5 h 97 74:26
5 1st generation CsC10 4  40 5 h 96 72:28
6 1st generation none 40 5 h 94 72:28
7 1st generation none 40 20 minb 100 68:32
8 1st generation none 0 20 minb 100 49:51
9 1st generation none -10 45 minb 77 45:55
10 1st generation none -77 - -40 - 0 40 min@OoCb 68 39:61
a Determined by 1H NMR. b Monitored by TLC. Reaction was quenched when the starting
material disappeared completely or no longer changed. c No reaction at -77 or -40 OC.
The conditions explored for the RCM reaction are summarized in Table 3.1. The less
reactive Grubbs first-generation catalyst was found to be as efficient as the highly reactive
Grubbs second-generation catalyst 5 (see Figure 3.1 for the molecular structures of the two
Grubbs catalysts) in our system (entries 1 and 2). Initially, guided by literature precedent, we
incorporated coordinating ethereal oxygen atoms in the polymerizable arms to use cation
templating to facilitate the RCM of the terminal olefins. Consequently, templating cations of
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differing sizes (Li+, Na+, K+, Cs +) were tested in the RCM reaction. Surprisingly, these
templating ions played a negligible role in determining the outcome of the reaction (entries 2 -
6). Even without a template, the reaction proceeded smoothly with high yield (entry 6).
We further investigated reaction temperature and time. The RCM reaction proceeded at
a temperature as low as -10 oC. At a slightly higher temperature of 0 OC, the reaction time
could be as short as 20 min. The optimum reaction conditions were identified to be a
temperature between 0 and 40 oC and a short reaction time of 20 min (entries 7 and 8).
The high efficacy of the RCM reactions is attributed to the cone conformation of 2,
which positions the two cyclizable arms in close proximity. Although an X-ray single-crystal
structure of 2 was not obtained, a previously synthesized analog shows almost parallel
orientation of the two arms (See Figure 2.6 in Chapter 2 for the single-crystal structure of a
cone conformer). This could be a clue for why templating is not necessary in calixarene
substrates with a cone conformation.
The first-generation calixarene monomer was obtained as a cis/trans isomeric mixture.
The cis/trans ratio was determined by 1H NMR. The peak at 5.86 ppm is assigned to the
internal alkene in the cis isomer and the peak at 6.19 ppm is assigned to the corresponding
proton in the trans isomer. To further qualitatively verify the NMR results, infrared
spectroscopy (IR) was carried out on isomeric mixtures with different ratios (Figure 3.2). By
comparing the relative intensity ratio of 978 cm-1 (trans C=C C-H out of plane bend) and 738
cm-1 (cis C=C C-H out of plane bend), it is clearly shown that trans:cis 81:19 has a much
larger ratio than trans:cis 45:55, which is consistent with the NMR results.
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Figure 3.2. Overlay of the IR spectra of calixarene 3 with two trans/cis ratios.
As a result of the fact that the cis isomer is the kinetic product, lower reaction
temperatures and shorter reaction times favor its formation. Varying temperature and reaction
time can tune the stereochemical composition. Unfortunately, the trans and cis isomers were
not separable by either column chromatography or recrystalization, and thus, they were used as
mixtures in ROMP.
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3.3 ROMP of the First-Generation Monomer
Monomer 3 was tested under homopolymerization conditions but no polymerization
was observed. This suggested that suitable comonomer(s) must be chosen. Cyclooctene (COE)
was picked as the first candidate because it has been broadly utilized in industry for making
rubbery polymers. Degussa (now Evonik) manufactures polycyclooctenes via ROMP and
markets them under the trade name VESTENAMER®. Also, copolymerization with COE
provides relatively simple linkages in the polymer backbone, which we predicted would not
complicate or interfere with the calixarene's anticipated function in the polymer. The double
bonds contained in these linkages could be positions for the introduction of additional
functional groups, or could simply be hydrogenated to saturation.
Random main-chain calixarene copolymers were efficiently synthesized by
copolymerization of 3 and COE, and the results are summarized in Table 3.2. Reaction
conditions were screened, and dichloromethane (DCM) was found to be the best solvent. Room
temperature (r.t.) was optimal, with higher temperatures providing no benefit. A reaction time
of five hours provided the highest molecular weights, because longer reaction times reduced
the molecular weight due to backbiting, while providing no significant decrease in PDI. Grubbs
second-generation catalyst was superior to the first-generation (entry 2 vs. entry 3). We found
that increasing the ratio of 3 to COE did not increase the incorporation of 3 in the copolymer
beyond the apparent maximum of 1:7 (x:y). As a result, we used four equiv. of COE to one
equiv. of 3 throughout the remaining study.
The two major factors we used in evaluating the screened reaction conditions were
molecular weight and calixarene incorporation. The latter is manifested by the x:y ratio in the
polymer backbone, which is determined by 'H NMR spectroscopy. It should be pointed out
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that the yields were calculated based on the total amount of monomers fed. We always fed
more calixarene monomer than we expected to be incorporated in the polymer in order to
maximize the x:y ratio. The unreacted calixarene monomer could be fully recovered by column
chromatography and subjected to another round of polymerization (entry 8). When yields were
recalculated taking the recovered monomer into account, they are excellent to quantitative.
Table 3.2. co-ROMP of 3 with COE
4 equiv. O
2nd gen. Grubbs cat.
DCM, rt, 5 h
X V
n
entry 3 M/C a PDI yield b c Tg Tm
trans:cis (kDa) PDI (%) (C) C)
1
2
3
4
5
6
7
8
81:19
81:19
81:19
81:19
72:28
45:55
39:61
90:10e
300
1500
1500d
1750
300
300
300
1500
a [Total monomers]/[catalyst]. b
49
102
95
58
68
63
36
77
1.6
2.0
1.9
1.7
1.5
1.8
1.4
1.6
66
55
52
47
67
66
62
33
1:7
1:8
1:9.5
1:10
1:8.5
1:9
1:10.7
1:10.2
Isolated polymer yield with respect to the
19
n.d.
n.d.
n.d.
12
14
n.d.
14
total
37
n.d.
n.d.
n.d.
43
44
n.d.
50
monomers fed.
Unreacted 3 recovered. c Determined by 1H NMR. d 1st gen. Grubbs cat. used. e This 3 was the
unreacted monomers recovered from previous polymerizations. n.d. = not determined.
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The ROMP synthesis of copolymers is thought to be a pseudo-chain-growth mechanism.
COE is supposed to form polymers/oligomers first, due to its higher reactivity. Then calixarene
monomers are opened and "inserted" into the backbone. Presumably, areas of the backbone
that are too sterically crowded won't allow for insertion of 3. This unique mechanism ensures
that a flexible polymer backbone is obtained. Catalyst loading was decreased stepwise to test
whether molecular weight could be controlled in this manner. The molecular weight did
increase initially (entry 2 vs. entry 1), but a further decrease of catalyst loading resulted in a
decrease of molecular weight (entry 4). A continuous drop of calixarene incorporation (smaller
and smaller x:y ratio from entry 1, entry 2 to entry 4) was observed as catalyst loading was
decreased. This trend is probably due to the low reactivity of the first-generation calixarene
monomer, which has a large ring size and a flexible ethylene glycol linkage. We reasoned that
increasing the ring strain of the monomer would increase its tendency to be opened and
incorporated in the copolymer.
We originally thought that the cis isomer would have higher reactivity in ROMP. We
tested this prediction by reacting samples of monomer 3 that contained an increasing cis/tran
ratio. Increasing the ratio initially appear promising (compare entry 1 to entry 5 in Table 3.2),
but upon further increase of the cis/trans ratio, the molecular weight decreased (entries 6-7).
Most importantly, the calixarene incorporation decreased consistently with the increase in the
amount of cis isomer.
Copolymers and unreacted 3 could be separated by column chromatography. GPC
analysis of the copolymers after chromatographic purification showed a single polymer peak
and no monomer or oligomers. As shown in Figure 3.3, 'H NMR spectroscopy clearly
indicated new alkene protons derived from the connection between calixarene and comonomer
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(5.73 and 5.63 ppm in black spectum), as well as the complete disappearance of the alkene
protons of 3 (6.19 ppm for trans isomer and 5.86 ppm for cis isomer in red spectrum).
poly(3S-co-COE)
5.63 5.38
1 1/ \4OO
'•
N..-
',,7:
I I * I
7 6 5 4
Figure 3.3. Characterization of copolymer by 'H NMR.
3I " I I
3 2 1
Figure 3.4. Free-standing films and strips of poly(3-co-COE).
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Exo Down Temperature °C
Figure 3.5. DSC trace of the poly(3-co-COE) from entry 1 Table 3.2.
-5
C
C,
C
Temperature OC
Figure 3.6. DMA of the poly(3-co-COE) from entry 1 Table 3.2.
- 98 -
100
80
60 "
0
40
20
Chapter 3
Main-Chain Calix[4]arene Elastomers from Ring-Opening Metathesis Polymerization
The copolymer is soluble in common organic solvents. Free-standing films (e.g.,
Figure 3.4) could be obtained by casting copolymer solutions in o-dichlorobenzene (o-DCB)
into a Teflon" mold. The Tg of the polymer from entry 1 (Table 3.2) was concealed between
the exothermic heating-induced crystallizing temperature (Tc) and the endothermic melting
point (Tm) in the Differential Scanning Calorimeter (DSC) trace (Figure 3.5). Its real Tg was
revealed by more sensitive and accurate Dynamic Mechanical Analysis (DMA) (Figure 3.6).
All the poly(3-co-COE)s have a sub-ambient Tg and a substantial Tm due to the semi-
crystalline nature of the poly(COE) domain. The polymer strips were stretchable but the total
possible elongations were small and the samples broke when they were ca. 153% of their
original length (see Figure 3.7 for a typical stress-strain curve). It needs to be pointed out that
the uneven nature of the stress-strain curve may be due to the defects introduced during the
solution-casting process.
21 i
0 lb 20o 30 4. .. 0 0
S*rain % Umrt) ; ',M TA
Figure 3.7. A typical stress-strain curve of poly(3-co-COE).
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(a) (b)
Figure 3.8. (a) SEM graph of deformed (to breaking) free-standing poly(COE) film. (b) SEM
graph of deformed (to breaking) free-standing poly(3-co-COE) film.
(a) (b)
Figure 3.9. (a) AFM graph of spin-cast poly(COE) film. (b) AFM graph of spin-cast poly(3-
co-COE) film.
Morphology is a direct manifestation of the higher-order structures of a material and
contains ample information about its properties. Deformed free-standing films and spin-cast
films of poly(6c-co-COE) and the control poly(COE) were briefly examined under a Scanning
Electron Microscope (SEM) and an Atomic Force Microscope (AFM), respectively. Deformed
(to breaking) poly(COE) has aligned cracks perpendicular to the stretching direction (Figure
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3.8-a), and the copolymer is continuous, with oriented wrinkles (Figure 3.8-b). The surface of
spin-cast film of poly(COE) is net-like (Figure 3.9-a), while the copolymer is a bumpy matrix
(Figure 3.9-b). These images demonstrated that the introduction of calixarene units into the
polymer main chain greatly changed its morphologies, but the origins of these morphologies
are unclear.
Table 3.3. co-ROMP of 3 with NBE
ad gen. Grubbs cat.
CM, rt, 5 h
L~J
3
entry M/C NBE/3 Mn (kDa) PDI yield (%) x:y Tg (oC) Tm (oC)
1 500 12 64 1.7 87 1:18 22 n.a.a
2 1000 6 96 1.8 44 1:24 27 n.a.
3 500 oo 135 1.8 94 0 38 n.a.
a n.a. = not available.
Poly(3-co-COE)s have a prominent Tm above r.t. due to the semi-crystalline nature of
the poly(COE) domain. The strong interactions that are responsible for the semi-crystalline
nature of the poly(3-co-COE)s may impede the chain-to-chain expansion induced by a
conformational change of the incorporated calixarenes. Our design of mechanically active
materials requires an amorphous elastomer. To decrease the interactions between the polymer
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chains and lower the Tg, we copolymerized 3 with norbornene (NBE). It is well known that the
poly(NBE) prepared with the Grubbs catalysts is amorphous, because of its atactic nature and
the irregular cis/trans configuration of the double bonds in the polymer chain. The synthesis
and properties of poly(3-co-NBE)s are summarized in Table 3.3 (same annotations as in Table
3.2 where applicable). Indeed, poly(3-co-NBE)s are completely amorphous (no Tm observed).
However, poly(3-co-NBE)s have a Tg around r.t. and their elongations are extremely small (<
10%). Furthermore, because NBE has much higher reactivity than 3 in ROMP, it tends to
homopolymerize quickly, leading to very low calixarene incorporations.
We turned to three-component co-ROMP to utilize the individual benefits of each
comonomer. To our delight, both molecular weight and calixarene incorporation increased
(note NBE has 5/8 linear length of COE), Tg decreased, and Tm disappeared completely
(Scheme 3.4). Random copolymerization of the three comonomers obviously combines the
advantages of each monomer. This protocol was used throughout the remaining study.
Scheme 3.4. co-ROMP of 3 with COE and NBE
2nd gen. Grubbs cat.
(M/C=300)
DCM ([M]=1.5)
rt, overnight
n
3V 1 : 2:5 x:y:z = 1: 2.9: 7.6, M n = 64 kDa, PDI = 1.8, 81%
trans:cis 56:44 Tg = 8 OC, no Tm observed
For the purpose of shortening the synthesis, ring-opening-insertion-metathesis
polymerization (ROIMP) 6 and ADMET polymerization were also investigated, but the results
were not satisfactory. A series of calixarene diene and diacrylate derivatives (Chart 3.1) were
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synthesized or obtained from Alex Paraskos, a previous Swager group member. ROIMP and
ADMET polymerization were carried out under standard literature conditions. 4' 6 All the
resulting polymers have low molecular weights, ranging from 3 kDa to 9 kDa (the best
number-average molecular weight for each monomer is shown in Chart 3.1).
Chart 3.1. ROIMP and ADMET of Calixarene Dienes and Diacrylate
8 kDa 9 kDa 3 kDa
SI \
3 kDa 5 kDa
best M n achieved from ROIMP and ADMET shown below each calixarene monomer
ADMET: calixarene monomer ROIMP: calixarene monomer + I
1 Grubbs cat. Grubbs cat.
3.4 Second-Generation ROMP Monomer
From the previous study, we knew the RCM reaction of calixarene substrates with a
cone conformation does not need the assistance of a template to efficiently produce the cyclic
alkene monomer. Therefore, we do not require the oxygen atoms in the arms and also should
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be able to shorten the arm length in order to increase ring strain in the monomer. The synthesis
of the second-generation calixarene monomers with all-carbon bridges is described in Scheme
3.5.
Scheme 3.5. Synthesis of Second-Generation Monomers
2.2 equiv.
Br_" N
K2CO3, MeCN
reflux, 48 h #OO4OOH- n n-H
4a: n = 1, 91%
4b: n = 2, 80%
5
5a: n = 1, trans, 87%
5b: n = 2, cis, 100%
Figure 3.10. ORTEP 7 drawing of 5a (C: black, 0: red, H: omitted for clarity).
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Calixarenes 4, with alkyl groups bearing terminal alkenes attached to 1,3-positions of
the lower rim, were obtained by alkylating p-tert-butylcalix[4]arene under weakly basic
conditions. An RCM reaction of 4b proceeds in very high (99+%) yield, even with the less
reactive first-generation Grubbs catalyst. This result is attributed to the preorganization
provided by the calixarene scaffold, which positions the two terminal alkene arms in close
proximity. With this success, we used RCM to create a shorter alkene bridge to give a
calixarene monomer that had increased ring strain for enhanced reactivity in ROMP. We were
pleased to find 4a, with shorter all-carbon arms, also produced alkene-bridged calixarene 5a in
excellent yield (87%) by using the more reactive Grubbs second-generation catalyst (69% yield
if first-generation Grubbs catalyst was used). It is worth noting that the allyl analogue of
calixarene 4 (n = 0) is not cyclizable. The configuration of the newly formed internal double
bond is determined by the length of the bridge, and single isomers (either trans or cis) are
observed. The X-ray single crystal structure of 5a (Figure 3.10) reveals that it has a cone
conformation with apparent hydrogen bonds between the two free phenols and a trans
stereochemistry in the alkene bridge. IR spectrum also shows a strong trans double bond C-H
out-of-plane bending peak at 963 cm' (Figure 3.11). Because the attempt to get a crystal
structure of 5b was not successful, we had to rely on its 'H NMR spectrum to determine its
stereochemistry. By comparing the 1H NMR spectra of 5a and 5b, it is clearly shown that the
vinyl protons in 5b have a different coupling constant with the adjacent allylic protons (J = 5.5
Hz) as compared to those in 5a (J = 3.7 Hz), therefore we assign the alkene bridge in 5b as
having a cis configuration. Empirically, the vinyl protons of a trans alkene in the bridge of a
calixarene always have a chemical shift downfield of 6.00 ppm, while the protons of a cis
alkene have a chemical shift upfield of 6.00 ppm.
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88
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1500 1000 500
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Figure 3.11. IR spectrum (partial) of 5a.
Scheme 3.6. Synthesis of Second-Generation Monomers with Ad and Me Substituents
Ad d Ad 2.2 equiv. AdAd Ad AdAd
Br
K2CO 3, MeCN
HHOOH reflux, 48 h HO
82%
Grubbs cat.
DCM, 40 OC
5h
85%
MeOTs
Cs2CO 3, MeCN
or
NaH, THF:DMF 9:1
8a: R = t-Bu, R 1 = R2 = Me
8b: R = Ad, R 1 = R2 = Me
8c: R = t-Bu, R 1 = Me, R 2 = H
R condition product yield (%)
I-Bu Cs2CO3/MeCN 8a-alt 49
8c-paco 49
-Bu NaHITHF:DMF 8a-paco 100
Ad Cs2CO 3/MeCN 8b-alt 38
Ad NaH/THF:DMF 8b-alt 50
8b-cone 50
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The two free phenols in 5 did not require protecting groups due to the functional group
tolerance of the Grubbs metathesis catalysts. 5a We also investigated calixarene monomers with
adamantyl (Ad) groups attached to the upper rim position of the phenyls, as well as calixarene
monomers in which the phenols of the lower rim had been methylated. As shown in Scheme
3.6, calixarene 7, with Ad substituents, was synthesized in a similar way to 5. The methylation
of the phenols was carried out with Cs2CO3 or NaH as the base. We expected that removing the
hydrogen bonding would cause the cone conformation of 5a and 7 to become unstable, and as a
result, 8a and 8b would be a dynamic mixture of conformers. To our surprise, the
conformations were fixed with methylation and the different conformers could be separated by
column chromatography. When Cs2CO3 was used as the base in the methylation of 5a, we
obtained a 49% yield of 8a with a 1,3-alternate (alt) conformation and a 49% yield of mono-
methylated side product 8c with a paco conformation. When NaH base was used as the base,
8a was isolated as the paco conformer in quantitative yield. Methylation of 7 using NaH gave
8b as a 1:1 mixture of alt and cone conformers. This is in contrast to the low yield of 8b in the
alt conformation obtained when using Cs 2CO3. The solution conformations of calix[4]arenes
can often be assigned by NMR, however to confirm our assignment and better understand the
properties of the conformationally locked 8b-alt, an X-ray crystal structure was determined
(Figure 3.12).
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Figure 3.12. ORTEP 7 drawing of 8b-alt (C: black, 0: red, H: omitted for clarity).
3.5 ROMP of the Second-Generation Monomers
Main-chain polymers containing calixarenes were synthesized by co-ROMP of the
second-generation monomers with COE and/or NBE comonomers utilizing the conditions
developed previously for the first-generation monomer. The results are summarized in Table
3.4.
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Table 3.4. co-ROMP of 5 with COE/NBE
2nd gen. Grubbs ca
DCM, r.t., 24 h
+-R 2dgn rbsc
MA M, lb yield d Tg Tmentry monomer n M/Ca 5:COE:NBE (kDa)b (kDa b PDIb x::Zd  (oC)e (oC)e
1 5a 1 300 1:4:0 94.5 201.8 2.14 71 1:6.2:0 9 44
2 5a 1 1000 1:4:1 209.9 485.8 2.31 64 1:5.1:1.8 -27 n.a.f
3 5b 2 300 1:3:2 42.9 70.9 1.65 59 1:7.8:5.2 n.d.g  n.d.g
a M/C = [total monomers]/[catalyst]. b Molecular weights and polydispersity (PDI) were
determined by GPC (polystyrene standards). C Yields were calculated based on the total
monomers initially fed, although unreacted 5 was recovered. d Compositions of the copolymers
were determined by 'H NMR. e Glass transition temperature (Tg) and melting temperature (Tm)
were determined by DSC. f n.a. = not available. g n.d. = not determined.
Calixarene 5b, which bears a longer bridge, afforded a copolymer with a low molecular
weight and a low calixarene incorporation (entry 3). The shorter-bridged analogue, 5a,
displayed enhanced ROMP reactivity that may be attributed to small amounts of ring strain.
With catalyst/monomer loadings of 1/300, a high-molecular-weight copolymer with high
calixarene (5a) incorporation was achieved (entry 1). The resulting polymer, P5a, shows a sub-
ambient Tg, and is an elastomer at room temperature. A Tm was observed due to the semi-
crystalline nature of the poly(COE) domain. With lower catalyst loadings, number-average
molecular weights over 200 kDa were obtained without sacrificing calixarene incorporation
(entry 2). The ring size of the cyclic calixarene alkenes appears to be directly related to the
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degree of calixarene incorporation into the polymers. The monomer with the smaller ring size
(5a) displays a higher tendency to be incorporated than the monomer with the larger ring size
(5b). As previously described, NBE was added to eliminate crystallinity and further lower Tg.
Indeed, the three-component copolymerization furnished a completely amorphous elastomer
with a lower Tg. The calixarene monomers are less reactive than COE and NBE. To get
maximum monomer incorporation in the polymer necessated that they be fed in an amount
excess to what is actually incorporated. The unreacted monomer was recovered for reuse in
other polymerizations. The polymerization yields were essentially quantitative when the
recovered calixarene monomer was taken into account.
In contrast to our previous investigations of the acetylenic-coupling-based
polymerization, wherein only the paco isomer polymerized,8 all of the three possible
calix[4]arene conformers (the 1,2-alternate cannot exist geometrically) can be polymerized by
ROMP with the COE and NBE comonomers. As shown in Table 3.5, a range of low glass
transition temperatures was achieved and all the copolymers were highly transparent,
stretchable, amorphous, and soluble in common organic solvents (See Figure 3.13 for a typical
polymer film). The methylated monomers 8 had higher reactivity and gave higher calixarene
incorporation. The conformational dynamics of calixarenes are sensitive to the substitution of
the phenols, with alkyl aryl ethers generally slowing the interconversion between conformers
or locking the calixarene in one conformer. It should be noted that the interconversion of
conformations is a concerted transition, which is associated with the coordinated movements of
all four phenyl rings to reshape the calix[4]arene annulus, allowing one or two phenyl rings to
flip over the annulus. In the methylated monomers, although there is no longer hydrogen
bonding, the bridge between the 1,3-positions impedes the movements of the two phenyl rings
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and thus the conformation is locked. After polymerization, the bridge is broken and the
constraint is removed. As a result, the methylated copolymers show very broad peaks in their
room temperature 'H NMR spectra, reflecting the conformational dynamics and diversity of
calixarene moieties. The conformation affects the polymerization rates, and monomers in the
alt conformation are less reactive, giving lower calixarene incorporation. This reduced
reactivity in the alt conformation can be rationalized because the double bond is sandwiched
between two aryl rings (the vinyl protons are markedly shifted to higher field in the 'H NMR
spectrum), making it less accessible to the catalyst. The bulkier Ad group increases steric
crowding around the double bond, and therefore 8b-alt is the least reactive calixarene
monomer, giving only 29% yield of the polymer (entry 3).
Table 3.5. Scope of ROMP Polymers
RR R
2nd gen.
Grubbs cat.
S (M/C = 1000) O
DCM, r.t., 48 h MeO iO ,Me
1:4:1
entry monomer R Mn (kDa) Mw (kDa) PDI yield (%) x:(y+z) Tg (oC)
1 8a-alt t-Bu 188.6 311.8 1.65 91 1:5.6 -6
2 8a-paco t-Bu 125.5 221.7 1.77 92 1:4.1 5
3 8b-alt Ad 70.5 97.6 1.38 29 1:5.1 n.d.
4 8b-cone Ad 75.0 116.0 1.55 70 1:4.3 20
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Figure 3.13. Free-standing film of a typical main-chain calix[4]arene elastomer.
We also attempted to polymerize calixarenes 4 (Scheme 3.5), which bear terminal
alkenes, by ADMET polymerization and ROIMP. However, oligomers were obtained in both
cases. The RCM-ROMP sequence is clearly the best approach to high-molecular weight
polymers. Interestingly, none of the alkene-bridged calixarenes are homopolymerizable. The
origins of these results are unclear. Attempts to homopolymerize 5a produced a dumbbell-
shaped dimer in reasonable yield (Scheme 3.7). Calixarene dimers with dumbbell shape are
structurally interesting molecules and were previously achieved by tedious synthetic routes
associated with repeated protection and deprotection, and sometimes high dilution. For
example, in Figure 3.14 a reported dimer is displayed that was synthesized in five steps from
the starting p-tert-butylcalix[4]arene with an overall yield of 14%. 9 Our new route is only three
steps from the same starting material and the overall yield is much higher (51%, unoptimized).
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Scheme 3.7. Dimerization of 5a
"standard"
polymerization condition
64%
Figure 3.14. Molecular structure of a reported dumbbell-shaped calixarene dimer (adapted
from ref. 9).
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3.6 Mechanical Properties of the Main-Chain Calixarene Elastomers
Polymer films were obtained by dissolving the polymers in CHC13 and casting the
solutions onto Teflon® surface. After air-drying for two days and vacuum-drying for another
two days, the polymer films were carefully peeled off without stretching and cut into strips for
mechanical tests. A Dynamic Mechanical Thermal Analyzer (DMTA) is used to measure the
static stretching properties of materials with relatively small force responses at specific
temperatures.' 0 The static mode of DMTA provides a stable environment within a chamber
with accurate temperature control, which is essential for mechanical testing of small samples.
0 100 200 300 400
Strain (%)
Figure 3.15. Stress-strain curves of the polymers at 23 oC. Red lines: P(8a-alt), from entry 1
Table 3.5; blue lines: P(8b-cone), from entry 4 Table 3.5; black lines: P5a, from entry 2
Table 3.4.
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Table 3.6. Mechanical Properties of the
polymer Young's strain at
modulus yield
(MPa) (%)
P(8a-alt) 109.97 8.85
±18.63 ±0.10
% increase 2210
to P5a
P(8b-cone)
% increase
to P5a
P5a
141.99
±14.93
2883
4.76
±0.61
8.29
+3.58
44.17
±6.60
Polymers
stress at
yield
(MPa)
2.76
±0.34
126
3.26
±0.15
167
1.22
±0.08
A series of calixarene elastomers was tested and the stretching behaviors of the
elastomers fell into two distinct categories. Stress-strain curves of the three representative
polymers are shown in Figure 3.15 and the mechanical properties are summarized in Table 3.6.
The calixarene moieties in P(8a-alt) (red lines, Figure 3.15) and P(8b-cone) (blue lines,
Figure 3.15) are conformationally disordered (cone, paco and 1,3-alternate) due to the absence
of hydrogen bonding at the lower rim. In contrast, the calixarenes in P5a (black lines, Figure
3.15) have a fixed cone conformation. Although P(8a-alt) and P(8b-cone) are different in
upper rim substitution, molecular weight, calixarene incorporation and, Tg, they exhibit very
similar tensile behaviors, with higher strength and toughness than P5a. It is clear that the
conformations of the calixarene moieties are the key determinates of the mechanical properties.
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strain at
break
(%)
397.82
±10.16
13
378.12
±24.56
7
352.58
±15.80
tensile
strength
(MPa)
11.98
±0.80
890
11.85
±0.19
879
1.21
±0.11
work
(J/cm 3)
26.73
±1.62
486
24.31
±1.75
433
4.56
±0.25
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Calixarenes in a fixed cone conformation possess a well-defined cavity, however this
geometrically restricted feature is not conducive to interactions between neighboring polymer
chains. Calixarenes with more dynamic conformations can create more accessible clefts,
facilitating greater interactions between polymers. These interactions may be responsible for
the improved strength. The "threading" of polymer chains through the molecular clefts of
neighboring polymer chains has recently been demonstrated as a mechanism for the
enhancement of the mechanical properties of triptycene-containing polymers.2 In contrast to
the triptycene-containing polymers, which exhibit a linear increase of stress along with
stretching in the later plastic deformation stage2a (see Figure 1.14, Chapter 1), P(8a-alt) and
P(8b-cone) show a non-linear (nearly exponential) increase throughout the plastic deformation
stage. This phenomenon can be plausibly explained by considering the stretch-induced
conformational changes of calixarene moieties. Specifically, the nature by which the calixarene
moieties are incorporated in the main chains should result in a coupling of the conformations
with the strain in the backbone and potentially interconvert thermodynamically more stable
paco and cone conformations into the less stable 1,3-alternate structure." Calixarenes in a 1,3-
alternate conformation would create the most accessible clefts for molecular threading and
thereby create a structure with increased density. Figure 3.16 illustrates the proposed
mechanism as discussed above. In the case of P5a, stretching may not be able to disrupt the
hydrogen bonds that fix the cone conformations, so no increase in modulus is exhibited with
plastic deformation, and the stress-strain curves appear as flat lines.
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"tlhreading" of polymer chains through molecidar
clefts on a neiglboring polimer chain
stretch-induced confornational chan2 es
(stretcluing distorts the aimlulus, allowing on0
or two phelnyl rings to flip over)
onl0y exists 1n1 r(sla-ait) and
P(8b-cone), not in P5a
Figure 3.16. Illustration demonstrating the proposed stretch-induced conformational changes
of the calixarene moieties in P(8a-alt) and P(8b-cone). Before stretching, there are mainly cone
and paco conformations in the polymer main chain (left). With stretching, cone and paco
conformations are gradually converted to the 1,3-alt conformation (right). The neighboring
polymer chains (shown in red) can thread through the open molecular clefts defined by the 1,3-
alt conformer, which is responsible for the enhancement of mechanical properties.
We also utilized the home-built apparatus shown in Figure 3.17 to monitor the
Poisson's ratio along the stretching. A polymer film was mounted between the clamps of a
vernier caliper and secured with adhesive tape. The caliper was placed on the stage of a digital
microscope. The film was stretched manually at a slow rate. At the same time, magnified
snapshot pictures were taken through the digital photo system of the microscope until the
sample failed. The lateral strain was calculated by the transverse dimensions measured from
the pictures, and the longitudinal strain was obtained from the caliper. The Poisson's ratio was
calculated by the equation shown in Chapter 1 (Figure 1.15). Several polymer samples were
tested by this manner, among which one sample showed two small negative values at certain
strains.
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Figure 3.17. Setup for measuring the Poisson's ratio when stretching a polymer strip on the
vernier caliper.
stret
direc
origi
L=3
ching
tion
nal
mm
L:9mm L:lOmm L:llmm L:l2mm
L = 9 mm L =10 mm L =11 mm L =12 mm
W = 90.56 pam W = 91.20 ptm W = 91.65 pim W = 91.14 uim
V = - 0.0636 v = - 0.0493 v = 0.0612
FYI:
elastomer
v = 0.5
breaking
L =N I JmIm
large -- small positive v small negative v small positive v
Figure 3.18. Schematic illustration of Poisson's ratio measurement of a particular polymer
strip made of P5a.
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As illustrated in Figure 3.18, stretching of this particular polymer strip at early stages
(low strains) yielded gradually decreasing positive Poisson's ratios. However, during later
stages (from L = 9 mm to L = 10 mm, and from L = 10 mm to L = 11 mm), it expanded
laterally at very small magnitudes, exhibiting two negative values (v = -0.0636 and -0.0493,
respectively). Afterwards, the Poisson's ratio kept small positive values until its failure.
Unfortunately, this phenomenon could not be repeated by other samples, whether made of the
same polymer (P5a) or other calixarene elastomers. Some external factors cannot be ruled out
for this rough home-made testing method. The expansion at later stretching may be derived
from the defects in this specific sample. Another possibility is that the cross section of this
sample may not be uniform, showing uneven lateral behavior.
relaxed state expanded state A recovered state
a1-
stretch stretch release release * guest molecule
Figure 3.19. Expected guest-assisted actuation of calixarenes.
As a further effort to achieve or magnify NPR, selected small molecules, mainly
aromatic plasticizers, were blended with the polymers before film formation. Our thought was
to utilize the host-guest chemistry between calixarenes and plasticizers to occupy and
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dissociate from the conformationally induced clefts of the calixarene moieties. As shown in
Figure 3.19, guest molecules are initially occupied in the cavities of the calixarenes due to a
host-guest interaction. Upon stretching, the conformation is changed and the guests are
squeezed out from the cavity to the polymer matrix. After releasing the force, the guest
molecules reenter the cavities to help the calixarenes return to their original conformational
state. The same measurement as described previously was carried out on the plasticizer-
containing polymer films. Among the plasticizers we tested, only p-nitrotoluene gave
promising results. The data set of one polymer sample (P5a + p-nitrotoluene) is shown in
Table 3.7. Similar to the non-plasticized polymer sample, it only demonstrates several NPRs
with small absolute values at later stages of stretching. Furthermore, the result could not be
completely repeated. Among the five polymer strips prepared by the same materials and
procedures, only two samples show NPRs and the other three did not give any NPR throughout
the stretching process.
Table 3.7. Data Set of the Poisson's Ratio Measurement of One Plasticized Polymer Sample
(P5a + p-nitrotoluene (3 equiv. to the calixarene moieties in P5a))
length (mm) width (gm) v length (mm) width (gim) v
5.05 542.30 14.05 368.36 -0.0555
6.05 490.50 0.4824 15.05 369.83 -0.0561
7.05 458.41 0.3958 16.05 369.36 0.0191
8.05 426.40 0.4923 17.05 364.69 0.2029
9.05 405.50 0.3946 18.05 363.05 0.0767
10.05 389.30 0.3616 19.05 362.62 0.0214
11.09 373.60 0.3897 20.05 357.92 0.2469
12.02 370.30 0.1053 21.05 358.56 -0.0359
13.17 367.00 0.0931 22.05 359.60 -0.0611
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We recognized the intrinsic limitations of the current sample preparation and measuring
methods. Drop-casting inevitably introduces defects, which are detrimental to the mechanical
tests, especially tensile tests. An alternative sample preparation method is electrospinning,
which can produce smooth and defect-free fiber samples. Electrospinning has been
successfully applied to our triptycene elastomers (Chapter 6) and holds promise for the
calixarene elastomers. The current measuring method employs manual stretching of the
samples. Strain rate cannot be controlled. We believe that NPR, which is proposed to be
realized through the dynamic conformational properties of calixarenes, is strain rate-dependent.
Without a custom-designed mechanical tester that can accurately control strain rate and
measure lateral dimension simultaneously, the data are not persuasive. Spectroscopic methods
may present opportunities for measuring purposes if intuitionistic mechanical methods do not
work well. It is known that impulsive stimulated thermal scattering (ISTS) is a powerful non-
destructive method for measuring materials' elastic properties, including Poisson's ratio. 12 In
collaboration with Darius Torchinsky, a graduate student in the Nelson lab, we attempted to
measure the Poisson's ratio of our calixarene elastomers by ISTS. Unfortunately, the laser
beams with all the available light wavelengths burned the polymer samples prior to receiving
signals. This method will become valuable to us if the instrumental limitation could be solved.
Without a reliable detecting scheme and reproducible evidence, we would rather not to
claim the achievement of NPR at the molecular level from the synthetic polymers, although
individual NPRs were observed occasionally.
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3.7 Future Directions
It is unclear why the expected NPR was not reproducibly observed in our successively
synthesized main-chain calix[4]arene elastomers. We focused on amorphous polymers with the
hope that stretching could easily align the polymer chains and that the non-interactive nature of
the polymer matrix would not lock the calixarene moieties in place. Future attention may be
extended to polymers with weakly interacting chains, perhaps allowing for the pre-alignment
of the polymer matrix through weak interactions. A pre-aligned matrix would allow
mechanical force to be directly translated into dimensional changes of the calixarenes, which
would unidirectionally accumulate. In this regard, copolymers, such as polymers with
alternative comonomers, or even block copolymers, deserve further investigation. Higher
assembling structures of the copolymers are also an area to be explored besides the chemical
synthesis.
It is interesting to think about the calixarene monomer from another perspective by
turning it around 900. From this perspective it becomes apparent that polymerizing it through
its two rims would construct a tubular structure. The major building blocks are double alkene-
bridged calix[4]arenes in 1,3-alternate (1,3-alt) 13 conformation. Based on the previous result
that an alkene-bridged calixarene undergoes dimerization exclusively to form a dumbbell-
shaped molecule, we anticipate the doubly bridged analog could undergo polymerization to
efficiently form covalently linked organic nanotubes.14 Conventional stepwise methods
generally require high dilution, repeated protection-functionalization-deprotection, and/or
tedious purifications. With no exception, all the reported methods are low-yielding and the
resulting nanotubes have limited length. Covalently linked organic nanotubes have prominent
advantages over self-assembled nanotubes'5 including increased stability. Robust and tunable
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organic nanotubes can find many applications in the fields of transportl 6 and sensing' 7 devices,
molecular pumps, 18 and nanoreactors.19
Scheme 3.8. Proposed Synthesis of Calixarene Nanotubes
X -•LG
CS2CO3, DMF
Grubbs catalyst
dilute soln.
R = H, t-Bu,......
-- ~ ~ ~ ~ r •T "•T -l '"lI•TT
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-,1 2 %r12-,2 ......
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The proposed synthetic route to calix[4]arene nanotubes is illustrated in Scheme 3.8.
Our preliminary exploration demonstrated that the double alkene-bridged 1,3-alt calixarene
monomer is achievable. Calixarene 11 (R = t-Bu, X = CH 2) was synthesized in two steps from
the parent p-tert-butylcalix[4]arene with an overall yield of 46%. The monomer was fully
characterized by 'H NMR, 13C NMR, and High-Resolution Mass Spectrometry (HRMS).
Furthermore, an X-ray single crystal structure of 11 was obtained (Figure 3.20). It should be
pointed out that although both the cis and trans configurations of the internal alkenes were
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clearly seen in 'H NMR, only the double cis isomer was observed from the single crystal
structure, probably because that isomer can efficiently crystallize.
Figure 3.20. ORTEP 7 drawing of 11 (R = t-Bu, X = CH 2) (C: black, 0: red, H: omitted for
clarity).
Polymerization of the double alkene-bridged 1,3-alt calixarene monomer 11 was briefly
attempted but no polymer was observed. We reasoned that both the double bonds are
sandwiched in the two phenyl rings with bulky t-Bu groups. The ruthenium catalytic center
may not be able to accommodate the two sterically demanding reactive counterparts. A
conceivable solution is to remove t-Bu groups, but it will require more synthetic efforts.
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3.8 Conclusions
Alkene-bridged calix[4]arene monomers were synthesized by ring-closing metathesis
(RCM). All the three possible conformers (cone, partial cone, and 1,3-alternate) were used as
comonomers with cyclooctene and norbornene in ring-opening metathesis polymerization
(ROMP). The resultant polymers were high-molecular-weight, transparent, and stretchable
materials with high calixarene incorporation (up to 25 mol% or 70 wt%) and had low glass
transition temperatures. The newly developed RCM-ROMP route is the only approach to high-
molecular-weight main-chain calixarene elastomers with good mechanical and optical
properties. We have also shown that the conformational properties of the calixarene moieties
play a crucial role in determining the mechanical properties.
Although the designed polymers did not show the expected NPR in our preliminary
investigation of their mechanical properties, more efforts need to be directed at understanding
the structure-property relationship. The bulk properties of materials, especially the mechanical
properties, are not simply derived from the polymer's primary molecular structure. In other
words, a polymer's properties can be more or less than the sum of the properties of its
individual units. Higher assembling structures may serve a leading role in future studies.
Beyond those applications requiring a negative NPR, the polymers synthesized exhibit
potential for applications where their dynamic receptor properties and conformational
flexibility are needed.
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Experimental Section
General Methods and Instrumentation. Nuclear Magnetic Resonance (NMR) spectra
were recorded on Varian Mercury-300 or Inova-500 NMR Spectrometer. Chemical shifts are
referenced to residual solvent. High-Resolution Mass Spectra (HRMS) were obtained on
Bruker Daltonics APEX II 3 Tesla FTICR-MS. X-ray diffraction experiments were performed
on a Siemens three-circle Platform diffractometer, coupled to a Bruker-APEX CCD detector.
Fourier Transform infrared (FT-IR) spectroscopy was performed on a Perkin-Elmer model
2000 FT-IR spectrophotometer using the Spectrum v. 2.00 software package. Polymer
molecular weights were determined by Gel Permeation Chromatography (GPC) versus
polystyrene standards (Polysciences, Warrington, PA) using THF as the eluent at a flow rate of
1.0 mL/min in a Waters series 1525 HPLC system equipped with four Styragel HT columns
operated at 35 'C, Waters in-line degasser AF, 717Plus Autosampler, 2414 refractive index
detector, and 2487 dual k absorbance detector. Appropriate amount of sample (- 1 mg/mL)
was dissolved in THF and passed through a 0.45 pm PTFE syringe filter (Whatman, Clifton,
NJ) prior to injection into the column. Glass transition temperatures (Tg) and melting
temperatures (Tm) were measured on Q1000 Auto Modulated Differential Scanning
Calorimeter (DSC) (TA Instruments) in the range of -90 oC to 70 oC at the scanning rate of 10
oC/min with a nitrogen gas flow. Three cycles were recorded for each sample. Stress-strain
curves were obtained on Q800 Dynamic Mechanical Analyzer (DMA) (TA Instruments) at the
strain rate of 3 %/min under constant temperature of 23 OC. Polymers were dissolved in CHCl3
and the solutions were drop-cast onto Teflon@ surface after passing through 0.45 pm PTFE
filters. After air-drying for two days and vacuum-drying for another two days, the polymer
films were carefully peeled off without stretching and cut into strips for DMA tests. Atomic
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Force Microscope (AFM) images were taken with a D3100S-1 atomic force microscope
(Digital Instrument). Scanning Electron Microscope (SEM) images were taken with a LEO A
scanning electron microscope. All synthetic manipulations were carried out under an argon
atmosphere using standard Schlenk techniques or in a nitrogen gas filled glovebox (Innovative
technologies) unless otherwise noted. Glassware was oven-baked and cooled under nitrogen
atmosphere. All organic extracts were dried over anhydrous Na2SO4 and filtered prior to
solvent removal under reduced pressure. The products were dried under vacuum at least
overnight to constant weights before weighing and calculating yields.
Materials. All solvents were of spectroscopic grade unless otherwise noted.
Anhydrous dichloromethane, acetonitrile, and tetrahydrofuran were obtained using a solvent
purification system (Innovative technologies). Anhydrous DMF was purchased from Aldrich as
Sure-Seal Bottles and used as received. Ethylene glycol allyl ether p-tosylate 1,1 p-tert-
butylcalix[4]arene 20 and p-adamantylcalix[4]arene 21 were prepared by literature methods. All
other chemicals were of reagent grade and used as received.
General Method for Synthesizing 2, 4a, 4b and 6.
p-tert-Butylcalix[4]arene or p-adamantylcalix[4]arene, and 1.1 equiv. K2C0 3 were
suspended in dry MeCN. The mixture was heated to reflux for 1 h and then added dropwise
with 2.2 equiv. ethylene glycol allyl ether p-tosylate 1, 4-bromo-l-butene or 5-bromo-l-
pentene. The mixture was refluxed for 2 d before cooled to room temperature. The solvent was
removed under reduced pressure. The residue was partitioned between DCM and 1 M HC1.
The organic extract was washed with 1 M HCl, water, and brine. After removing the solvent,
the resultant solid was dissolved in minimum amount of DCM and precipitated to large amount
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of fresh MeOH. The white precipitate was filtered after sitting in -40 oC freezer overnight
followed by column chromatography.
5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,27-bis(2-(2-propenyloxy)-I,I-dimethylethyl)-25,27-bis(2-(2-propenyloxy)-ethoxy)-26,28-
dihydroxycalix[4]arene (2): p-tert-butylcalix[4]arene (with one toluene adduct) (3.706 g, 5
mmol), K2C0 3 (0.761 g, 5.5 mmol), MeCN (60 mL), and ethylene glycol allyl ether p-tosylate
1 (2.820 g, 11 mmol). The product was obtained as a white solid (2.989 g, 73%) after column
chromatography (hexane:DCM:ethyl acetate 6:1:1). 1H NMR (300 MHz, CDC13) 8: 7.29 (s,
2H), 7.06 (s, 4H), 6.80 (s, 4H), 6.01 (ddt, 2H, J = 17.3, 10.5, 5.5 Hz), 5.38 (ddt, 2H, J = 17.3,
1.9, 1.4 Hz), 5.23 (ddt, 2H, J = 10.5, 1.9, 1.4 Hz), 4.39 (d, 4H, J = 12.9 Hz), 4.21 (dt, 4H, J =
5.5, 1.4 Hz), 4.18 (t, 4H, J = 5.2 Hz), 3.94 (t, 4H, J = 5.2 Hz), 3.31 (d, 4H, J = 12.9 Hz), 1.30 (s,
18H), 0.97 (s, 18H). 13C NMR (75 MHz, CDCl3) 6: 150.92, 150.13, 146.93, 141.40, 135.09,
132.84, 128.03, 125.68, 125.21, 117.47, 75.58, 72.71, 69.04, 34.12, 34.03, 31.93, 31.75, 31.24.
HRMS-ESI (m/z) for C54H7206 calcd. [M+Na]+: 839.5221; found: 839.5233.
4a: p-tert-butylcalix[4]arene (0.325 g, 0.5 mmol), K2C0 3 (0.076 g, 0.55 mmol), MeCN
(20 mL), and 4-bromo-l-butene (0.12 mL, 1.1 mmol). The product was obtained as a white
solid (0.346 g, 91%) after column chromatography (hexane: ethyl acetate 95:5). 1H NMR (300
MHz, CDC13) 6: 7.64 (s, 2H), 7.08 (s, 4H), 6.86 (s, 4H), 6.24 (ddt, 2H, J = 17.3, 10.2, 6.9 Hz),
5.29 (ddt, 2H, J = 17.3, 1.7, 1.7 Hz), 5.20 (ddt, 2H, J = 10.2, 1.7, 1.7 Hz), 4.33 (d, 4H, J = 12.9
Hz), 4.06 (t, 4H, J = 6.6 Hz), 3.34 (d, 4H, J = 12.9 Hz), 2.80 (m, 4H), 1.32 (s, 18H), 1.02 (s,
18H). 13C NMR (75 MHz, CDC13) 6: 150.96, 150.04, 146.98, 141.48, 134.92, 132.92, 127.93,
125.67, 125.25, 117.49, 75.98, 34.74, 34.16, 34.01, 32.03, 31.92, 31.26. HRMS-ESI (m/z) for
C52H680 4 calcd. [M+Na]+: 779.5010; found: 779.5002.
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4b: p-tert-butylcalix[4]arene (0.325 g, 0.5 mmol), K2C0 3 (0.076 g, 0.55 mmol), MeCN
(20 mL), and 5-bromo-1-pentene (0.14 mL, 1.1 mmol). The product was obtained as a white
solid (0.314 g, 80%) after column chromatography (hexane: ethyl acetate 95:5). 'H NMR (300
MHz, CDC13) 8: 7.90 (s, 2H), 7.08 (s, 4H), 6.90 (s, 4H), 5.98 (ddt, 2H, J = 17.3, 10.2, 6.6 Hz),
5.21 (ddt, 2H, J = 17.3, 1.9, 1.6 Hz), 5.08 (ddt, 2H, J = 10.2, 1.9, 1.6 Hz), 4.34 (d, 4H, J = 12.9
Hz), 4.03 (t, 4H, J = 6.3 Hz), 3.36 (d, 4H, J = 12.9 Hz), 2.55 (m, 4H), 2.16 (m, 4H), 1.32 (s,
18H), 1.06 (s, 18H). 13C NMR (75 MHz, CDCl3) 8: 151.00, 150.09, 146.96, 141.48, 138.24,
133.04, 127.89, 125.69, 125.27, 115.55, 75.75, 34.19, 34.00, 32.08, 31.91, 31.29, 30.34, 29.42.
HRMS-ESI (m/z) for C54H720 4 calcd. [M+Na]+: 807.5323; found: 807.5313.
6: p-adamantylcalix[4]arene (1.5 g, 1.56 mmol), K2C0 3 (0.237 g, 1.716 mmol), MeCN
(70 mL), and 4-bromo-l-butene (0.37 mL, 3.432 mmol). The product was obtained as a white
solid (1.369 g, 82%) after column chromatography (hexane: ethyl acetate 95:5). 1H NMR (300
MHz, CDC13) 8: 7.61 (s, 2H), 7.20 (s, 4H), 6.97 (s, 4H), 6.37 (m, 2H), 5.44 (m, 2H), 5.34 (m,
2H), 4.45 (d, 4H, J = 12.9 Hz), 4.19 (t, 4H, J = 6.3 Hz), 3.47 (d, 4H, J = 12.9 Hz), 2.92 (m, 4H),
2.27-1.71 (m, 60H). 13C NMR (75 MHz, CDCl3) 8: 150.90, 149.75, 147.02, 141.73, 134.84,
132.77, 127.98, 125.17, 124.64, 117.42, 75.82, 43.89, 43.52, 43.28, 43.03, 37.15, 36.89, 35.60,
35.47, 34.71, 31.74, 29.32, 29.23, 29.13, 29.05. HRMS-ESI (m/z) for C76H920 4 calcd.
[M+Na]+: 1091.6888; found: 1091.6847.
General Method for Synthesizing 3, 5a, 5b and 7.
To a stirred solution of 2, 4a, 4b or 6 in DCM, was added 10 mol% 1st or 2nd
generation Grubbs catalyst in DCM solution. The reaction mixture was stirred at 40 OC for 5 h.
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After adding ethyl vinyl ether, it was cooled to room temperature and stirred for 0.5 h. The
solvent was removed in vacuum and the residue was subjected to column chromatography.
3: 2 (0.1021 g, 0.125 mmol), 1st generation Grubbs catalyst (5.1 mg, 6.25 ýImol) and 22
mL DCM were stirred under 0 oC for 20 min. The product was obtained as a white solid (0.099
g, 100%) after column chromatography (hexane: ethyl acetate 3:1). The product is an
inseparable mixture of trans and cis isomers at a ratio of 49:51. trans-3: 1H NMR (300 MHz,
CDC13) 6: 7.59 (s, 2H), 7.07 (s, 4H), 6.82 (s, 4H), 6.20 (t, 2H, J = 2.2 Hz), 4.38 (d, 4H, J = 12.9
Hz), 4.29 (d, 4H, J = 2.2 Hz), 4.13-4.10 (m, 4H), 4.01-3.98 (m, 4H), 3.31 (d, 4H, J = 12.9 Hz),
1.30 (s, 18H), 0.96 (s, 18H). 13C NMR (75 MHz, CDCl3) 8: 151.19, 149.68, 147.04, 141.19,
133.04, 129.58, 127.82, 125.61, 125.10, 75.57, 70.38, 67.88, 34.14, 34.01, 31.95, 31.64, 31.21.
cis-3: 1H NMR (300 MHz, CDC 3) 8: 7.34 (s, 2H), 7.08 (s, 4H), 6.80 (s, 4H), 5.86 (t, 2H, J =
3.9 Hz), 4.69 (d, 4H, J = 3.9 Hz), 4.30 (d, 4H, J = 12.7 Hz), 4.13-4.10 (m, 4H), 4.01-3.98 (m,
4H), 3.34 (d, 4H, J = 12.7 Hz), 1.31 (s, 18H), 0.94 (s, 18H). 13C NMR (75 MHz, CDC13) 6:
150.97, 149.85, 147.22, 141.54, 132.61, 130.47, 127.69, 125.74, 125.15, 69.24, 68.72, 60.54,
34.09, 33.95, 31.89, 31.76, 31.14. HRMS-ESI (m/z) for C52H680 6 calcd. [M+Na] : 811.4908;
found: 811.4922.
5a: 4a (0.3028 g, 0.4 mmol), 2nd generation Grubbs catalyst (0.0340 g, 0.04 mmol) and
200 mL DCM. The product was obtained as a white solid (0.2530 g, 87%) after column
chromatography (hexane: ethyl acetate 95:5) and precipitation from DCM/MeOH. The product
is an exclusive trans isomer. IH NMR (300 MHz, CDCl3) : 8.71 (s, 2H), 7.11 (s, 4H), 7.00 (s,
4H), 6.11 (t, 2H, J = 3.7 Hz), 4.42 (d, 4H, J = 12.5 Hz), 4.24 (t, 4H, J = 5.4 Hz), 3.36 (d, 4H, J
= 12.5 Hz), 2.88 (m, 4H), 1.24 (s, 18H), 1.21 (s, 18H). 13C NMR (75 MHz, CDC13) 8: 150.48,
149.85, 147.57, 142.32, 134.75, 130.31, 129.78, 126.38, 125.11, 73.33, 34.36, 34.24, 34.11,
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33.01, 31.71, 31.51. HRMS-ESI (m/z) for C50H6404 calcd. [M+Na]÷: 751.4697; found:
751.4674.
5b: 4b (39.5 mg, 0.05 mmol), 1st generation Grubbs catalyst (4.1 mg, 5 p.mol) and 30
mL DCM. The product was obtained as a white solid (39.0 mg, 100%) after column
chromatography (hexane: DCM 5:4). The product is an exclusive cis isomer. 'H NMR (300
MHz, CDC13) 8: 9.03 (s, 2H), 7.09 (s, 4H), 7.05 (s, 4H), 5.71 (t, 2H, J = 5.5 Hz), 4.32 (d, 4H, J
= 12.8 Hz), 4.05 (t, 4H, J = 5.0 Hz), 3.39 (d, 4H, J = 12.8 Hz), 2.93-2.85 (m, 4H), 2.09-2.00 (m,
4H), 1.26 (s, 18H), 1.22 (s, 18H). 13C NMR (75 MHz, CDC13) 8: 151.24, 149.80, 147.34,
141.59, 133.72, 130.05, 127.52, 126.04, 125.56, 76.43, 34.42, 34.00, 32.68, 31.88, 31.66, 31.48,
24.84. HRMS-ESI (m/z) for C52H680 4 calcd. [M+Na]+: 779.5010; found: 779.5016.
7: 6 (0.4278 g, 0.4 mmol), 2nd generation Grubbs catalyst (0.0340 g, 0.04 mmol) and
200 mL DCM. The product was obtained as a white solid (0.353 g, 85%) after column
chromatography (hexane: ethyl acetate 95:5) and precipitation from DCM/MeOH. The product
is an exclusive trans isomer. 'H NMR (300 MHz, CDCl 3) 8: 8.64 (s, 2H), 7.09 (s, 4H), 6.96 (s,
4H), 6.10 (t, 2H, J = 4.1 Hz), 4.42 (d, 4H, J = 12.4 Hz), 4.23 (t, 4H, J = 5.2 Hz), 3.36 (d, 4H, J
= 12.4 Hz), 2.87 (m, 4H), 2.06-1.74 (m, 60H). 13C NMR (75 MHz, CDC13) 6: 150.51, 149.76,
147.75, 142.69, 134.83, 130.29, 129.86, 125.91, 124.63, 73.28, 43.49, 43.26, 37.12, 37.06,
35.93, 35.64, 34.23, 32.99, 29.29, 29.20. HRMS-ESI (m/z) for C74H880 4 calcd. [M+Na]+:
1063.6575; found: 1063.6609.
General Methods for Synthesizing 8a and 8b.
Method A. 5a or 7, and excess Cs2CO3 were suspended in dry MeCN. The mixture was
heated to reflux for 1 h and then added with excess methyl tosylate (MeOTs). The mixture was
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refluxed for 2 d before cooled to room temperature. The solvent was removed under reduced
pressure. The residue was partitioned between DCM and 1 M HC1. The organic extract was
washed with 1 M HC1, water, and brine. After removing the solvent, the resultant solid was
dissolved in minimum amount of DCM and precipitated to large amount of fresh MeOH. The
white precipitate was filtered after sitting in -40 OC freezer overnight followed by column
chromatography.
Method B. NaH was used as the base instead of Cs 2CO 3 and THF:DMF 9:1 was used as
the solvent instead of MeCN.
8a: (MethodA) 5a (0.1458 g, 0.2 mmol), Cs2CO3 (0.5213 g, 1.6 mmol), MeCN (30 mL)
and MeOTs (0.25 mL, 1.6 mmol). The product was obtained as a white solid (0.073 g, 49%)
after column chromatography (hexane: DCM: ethyl acetate 85:10:5). The desired product is in
1,3-alternate conformation (8a-alt). Besides 8a-alt, a mono-methylated product was isolated as
a white solid (0.073 g, 49%) and in partial cone (paco) conformation. (Method B) 5a (0.1458 g,
0.2 mmol), NaH (0.0404 g, 1.6 mmol), THF (27 mL), DMF (3 mL), MeOTs (0.25 mL, 1.6
mmol). The product was obtained as a white solid (0.151 g, 100%) after column
chromatography (hexane: DCM: ethyl acetate 85:10:5). The product is exclusively in paco
conformation (8a-paco). 8a-alt: 'H NMR (300 MHz, CDCl3) 8: 7.06 (s, 4H), 7.04 (s, 4H), 4.10
(t, 2H, J = 3.9 Hz), 3.95 (d, 4H, J = 17.1 Hz), 3.88 (d, 4H, J = 17.1 Hz), 3.60 (t, 4H, J = 5.5 Hz),
2.74 (s, 6H), 1.88 (m, 4H), 1.38 (s, 18H), 1.32 (s, 18H). '3C NMR (75 MHz, CDCl3) 8: 156.20,
154.75, 144.08, 144.07, 133.37, 133.01, 128.15, 125.64, 125.53, 66.31, 57.89, 39.60, 34.28,
34.04, 33.04, 31.93, 31.72. HRMS-ESI (m/z) for C52H680 4 calcd. [M+Na]+: 779.5010; found:
779.5028. 8a-paco: IH NMR (300 MHz, CDCl3) 8: 7.22 (s, 2H), 7.10 (s, 2H), 7.08 (s, 2H),
6.64 (s, 2H), 6.02 (t, 1H, J = 3.6 Hz), 4.41 (d, 2H, J = 12.4 Hz), 4.14 (t, 1H, J = 3.6 Hz), 3.99 (d,
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2H, J = 16.8 Hz), 3.92 (d, 2H, J = 16.8 Hz), 3.89 (t, 2H, J = 5.5 Hz), 3.79 (s, 3H), 3.64 (t, 2H, J
= 5.5 Hz), 3.21 (d, 2H, J = 12.4 Hz), 2.79 (s, 3H), 2.74 (m, 2H), 1.92 (m, 2H), 1.42 (s, 9H),
1.41 (s, 9H), 1.36 (s, 9H), 0.91 (s, 9H). "3C NMR (75 MHz, CDC13) 8: 156.20, 155.00, 154.73,
152.91, 144.96, 144.10, 144.07, 144.06, 135.77, 133.36, 133.00, 132.44, 129.22, 128.14,
125.64, 125.52, 125.46, 124.82, 73.71, 66.29, 62.05, 57.88, 39.60, 34.51, 34.28, 34.27, 34.03,
33.82, 33.03, 32.00, 31.93, 31.81, 31.73, 31.38, 30.07, 22.88, 14.37. HRMS-ESI (m/z) for
C52H680 4 calcd. [M+Na]+: 779.5010; found: 779.5033.
8b: (MethodA) 7 (0.155 g, 0.149 mmol), Cs2CO 3 (0.388 g, 1.19 mmol), MeCN (40 mL)
and MeOTs (0.18 mL, 1.19 mmol). The product was obtained as a white solid (0.061 g, 38%)
after column chromatography (hexane: DCM: ethyl acetate 85:10:5). The desired product is in
1,3-alternate conformation (8b-alt). Besides 8b-alt, a mono-methylated product was isolated as
a white solid (0.006 g, 4%) and in paco conformation. (Method B) 7 (0.420 g, 0.4033 mmol),
NaH (0.0815 g, 3.226 mmol), THF (36 mL), DMF (4 mL), MeOTs (0.5 mL, 3.226 mmol). 8b-
alt was obtained as a white solid (0.228 g, 50%) and 8b-cone was obtained as a white solid
(0.227 g, 50%) after column chromatography (hexane: DCM: ethyl acetate 120:77:3).22 8b-alt:
1H NMR (300 MHz, CDCl 3) 8: 7.04 (s, 4H), 7.01 (s, 4H), 4.14 (t, 2H, J = 3.9 Hz), 3.95 (d, 4H,
J = 17.9 Hz), 3.89 (d, 4H, J = 17.9 Hz), 3.59 (t, 4H, J = 5.2 Hz), 2.70 (s, 6H), 2.11-1.79 (m,
60H), 1.30 (m, 4H). 13C NMR (75 MHz, CDCl3) 8: 156.23, 154.83, 144.58, 144.49, 133.51,
133.17, 128.44, 125.17, 125.08, 66.34, 58.12, 43.69, 43.55, 39.73, 37.09, 35.80, 35.56, 33.02,
31.80, 29.27, 29.25. HRMS-ESI (m/z) for C76H920 4 calcd. [M+Na]+: 1091.6888; found:
1091.6916. 8b-cone: '1H NMR (300 MHz, CDC13) 6: 7.17 (s, 4H), 6.66 (s, 4H), 5.97 (t, 2H, J =
3.3 Hz), 4.36 (d, 4H, J = 12.1 Hz), 3.87 (t, 4H, J = 5.2 Hz), 3.75 (s, 6H), 3.19 (d, 4H, J = 12.1
Hz), 2.71 (m, 4H), 2.12-1.47 (m, 60H). 13C NMR (75 MHz, CDCl3) 8: 154.75, 152.90, 145.36,
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144.31, 135.95, 132.52, 129.26, 125.04, 124.41, 73.44, 62.10, 44.13, 43.28, 37.23, 37.00, 35.89,
35.40, 34.56, 29.96, 29.39, 29.15. HRMS-ESI (m/z) for C76H920 4 calcd. [M+Na]+: 1091.6888;
found: 1091.6994.
9: To a 10 mL reaction tube, were added 72.9 mg 5a (0.1 mmol) and 0.3 mL DCM.
After the mixture became homogeneous and was stirred for extra half an hour, 35 ýIL of 8
mg/mL 2nd generation Grubbs catalyst stock solution (in DCM, 0.28 mg [Ru]) was injected.
The reaction mixture was stirred at room temperature for 24 h before quenching by adding
ethyl vinyl ether. The mixture was directly subjected to column chromatography (hexane:ethyl
acetate 95:5) to yield dimer 9 as a white solid (46.7 mg, 64%). 'H NMR (300 MHz, CDCl3) 6:
8.08 (s, 4H), 7.01 (s, 8H), 6.87 (s, 8H), 6.17 (t, 4H, J = 2.6 Hz), 4.26 (d, 8H, J = 12.9 Hz), 4.09
(t, 8H, J = 6.6 Hz), 3.17 (d, 8H, J = 12.9 Hz), 2.94 (m, 8H), 1.32 (s, 36H), 1.05 (s, 36H). 13C
NMR (75 MHz, CDCl3) 8: 151.13, 150.00, 146.87, 141.20, 133.33, 128.87, 127.85, 125.62,
125.27, 76.13, 35.19, 34.19, 33.99, 33.68, 31.95, 31.30. HRMS-ESI (m/z) for C100H12808s calcd.
[M+Na]+: 1479.9501; found: 1479.9539.
10: p-tert-butylcalix[4]arene (0.491 g, 0.75 mmol) and excess Cs2CO 3 (7.331 g, 22.5
mmol) were suspended in 30 mL dry MeCN. The mixture was heated to reflux for 1 h and then
added dropwise with excess 4-bromo-1-butene (2.4 mL, 22.5 mmol). The mixture was refluxed
for 2 d before cooled to room temperature. The solvent was removed under reduced pressure.
The residue was partitioned between DCM and 1 M HC1. The organic extract was washed with
1 M HC1, water, and brine. After removing the solvent, the resultant solid was dissolved in
minimum amount of DCM and precipitated to large amount of fresh MeOH. The white
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precipitate was filtered after sitting in -40 OC freezer overnight followed by column
chromatography (hexane:ethyl acetate 3:1). Two conformers were isolated (both white solid):
10-paco (0.198 g, 30%) and 10-alt (0.316 g, 49%). 10-paco: 'H NMR (500 MHz, CDCl3) 6:
7.26 (s, 2H), 7.14 (s, 2H), 6.91 (d, 2H, J = 2.5 Hz), 6.67 (d, 2H, J = 2.5 Hz), 5.97 - 5.72 (m,
4H), 5.19 - 4.99 (m, 8H), 4.13 (d, 2H, J = 12.5 Hz), 3.77 (d, 2H, J = 14.0 Hz), 3.72 (d, 2H, J =
14.0 Hz), 3.71 - 3.65 (m, 6H), 3.60 (t, 2H, J = 8.5 Hz), 3.11 (d, 2H, J = 12.5 Hz), 2.64 (dt, 4H,
J = 7.0, 1.4 Hz), 2.50 (dt, 2H, J = 8.0, 1.3 Hz), 2.32 (dt, 2H, J = 9.0, 1.2 Hz), 1.43 (s, 9H), 1.38
(s, 9H), 1.10 (s, 18H). 13C NMR (125 MHz, CDCl3) 8: 155.44, 154.02, 153.80, 153.59, 145.46,
144.38, 143.81, 143.45, 135.90, 135.76, 135.25, 135.09, 134.72, 134.09, 133.24, 132.62,
132.11, 132.01, 127.74, 126.22, 125.78, 125.53, 116.78, 116.75, 115.97, 115.95, 73.66, 72.61,
71.66, 71.14, 38.31, 35.34, 35.09, 34.33, 33.94, 33.33, 32.09, 31.68, 31.16. 10-alt: 1H NMR
(500 MHz, CDC13) 6: 7.03 (s, 8H), 5.61 (m, 4H), 4.95 (ddt, 4H, J = 10.3, 2.0, 1.5 Hz), 4.92 (ddt,
4H, J = 17.0, 2.0, 1.5 Hz), 3.89 (s, 8H), 3.47 (t, 8H, J = 8.2 Hz), 1.71 (dt, 8H, J = 8.2, 7.2 Hz),
1.32 (s, 36H). 13C NMR (125 MHz, CDCl3) 8: 154.65, 144.25, 135.24, 133.23, 125.63, 115.46,
68.54, 39.38, 34.17, 33.38, 31.91. HRMS-ESI (m/z) for C60H800 4 calcd. [M+Na]÷: 887.5949;
found: 887.5949.
11: to a stirred solution of 10-alt (40 mg, 0.0462 mmol) in 50 mL DCM, was added 10
mol% 2nd generation Grubbs catalyst (3.9 mg, 0.00462 mmol) in 5 mL DCM solution. The
reaction mixture was stirred at 40 oC for 5 h. After adding ethyl vinyl ether, it was cooled to
room temperature and stirred for 0.5 h. The solvent was removed in vacuum and the residue
was subjected to column chromatography (hexane:ethyl acetate 3:1). The product was obtained
as a white solid (35 mg, 94%). 'H NMR (500 MHz, CDCl3) 6: 7.04 + 7.03 (two singlets, 4H),
7.01 + 7.00 (two singlets, 4H), 4.52 (t, 0.75H, J = 5.1 Hz), 4.47 (t, 1.25H, J = 5.1 Hz), 4.10 (t,
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1.25H, J = 3.8 Hz), 4.05 (t, 0.75H, J = 3.8 Hz), 3.97 + 3.94 + 3.90 (three singlets, 8H), 3.44 +
3.41 (two triplets, 4H, J = 5.6 Hz), 3.35 + 3.34 (two triplets, 4H, J = 5.1 Hz), 1.85 (m, 4H),
1.48 (m, 4H), 1.37 + 1.36 (two singlets, 36H). 13 C NMR (125 MHz, CDCl3) 6: 156.19, 155.94,
155.59, 155.39, 143.83, 143.46, 133.21, 133.02, 132.52, 132.28, 128.89, 128.05, 127.85,
127.76, 125.97, 125.48, 68.35, 68.05, 67.51, 67.18, 40.09, 39.88, 39.63, 34.88, 34.24, 32.85,
32.66, 31.97, 31.90, 31.82, 28.11, 28.01, 25.49, 22.88, 14.36. HRMS-ESI (m/z) for C56H 720 4
calcd. [M+Na]÷: 831.5323; found: 831.5324.
General Method for co-ROMP.
To a 10 mL reaction tube, were added 1 equiv. calixarene monomer, 4 equiv. cis-
cyclooctene (COE), and 1 equiv. norbomene (NBE). An appropriate amount of DCM was
injected to make the concentration of the total monomers as 0.6 - 1.25 M. After the mixture
became homogeneous and was stirred for extra half an hour, an appropriate amount of 2nd
generation Grubbs catalyst stock solution in DCM (5 mg/mL) was injected. The total-
monomers-to-catalyst ratio was 300:1 or 1000:1. The reaction mixture was stirred at room
temperature for 24 - 48 h before quenching by adding ethyl vinyl ether. The viscous mixture
was directly subjected to column chromatography to yield the polymer as a colorless and clear
elastomer.
Polv(3-co-COE): 3 (78.9 mg, 0.1 mmol), COE (56 pL, 0.4 mmol), 2nd generation
Grubbs catalyst (1.4 mg, M/C = 300) and DCM (0.4 mL, [M] = 1.25 M). The polymer was
obtained as a colorless and clear elastomer (80.0 mg, yield 66% with regard to the total
monomers fed, unreacted calix[4]arene monomer was fully recovered) after column
chromatography (hexane: ethyl acetate 3:1). Mn = 49 kDa, PDI = 1.6, Tg = 19 OC, Tm = 37 OC.
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'H NMR (300 MHz, CDC13) 8: 7.27 (s, 2H), 7.05 (s, 4H), 6.79 (s, 4H), 5.81-5.72 (m, 2H),
5.66-5.57 (m, 2H), 5.46-5.31 (m, 12H), 4.39 (d, 4H, J = 13.0 Hz), 4.19-4.12 (m, 8H), 3.93-3.89
(m, 4H), 3.30 (d, 4H, J = 13.0 Hz), 2.06-1.90 (bm, 28H), 1.40-1.24 (bm, 74H), 0.97 (s, 18H).
'
3C NMR (75 MHz, CDC13) 6: 150.91, 150.21, 146.85, 141.34, 135.24, 132.85, 130.55, 130.09,
128.07, 126.42, 125.66, 125.19, 75.53, 72.52, 68.79, 34.11, 34.01, 32.83, 32.59, 31.93, 31.80,
31.25, 29.96, 29.85, 29.40, 29.26, 27.43.
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Polv(Sa) (M/C = 300): 5a (24.0 mg, 0.0329 mmol), COE (18 ýpL, 0.1317 mmol), [Ru]
(0.5 mg, 0.55 jimol), DCM (0.1 mL). The polymer was obtained as a colorless clear elastomer
(27.4 mg, 71%) after column chromatography (hexane: ethyl acetate 4:1). 'H NMR (300 MHz,
CDCl 3).
I I Al)lii A)i LJJ
7.0 6.0 5.0
ppm (fl)
4.0 3.0 2.0 1.0 0.
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Polv(5a) (M/C = 1000): 5a (120.0 mg, 0.1646 mmol), COE (90 pL, 0.6584 mmol),
NBE (15.7 mg, 0.1646 mmol), [Ru] (0.8 mg, 0.94 gmol), DCM (0.8 mL). The polymer was
obtained as a colorless clear elastomer (134.0 mg, 64%) after column chromatography (hexane:
ethyl acetate 4:1). 1H NMR (300 MHz, CDCl3).
111 . A1 6a I . II IL ., t . I L iI
I I I I I I I I I I I I
8.0 7.0 6.0
ppm (fl)
I I I . 0 I I I. 0 I .I . 0 1 I 1 1 .1 I
5.0 4.0 3.0 2.0 1.0 0.
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Polv(5b): 5b (39.0 mg, 0.0515 mmol), COE (21 tiL, 0.155 mmol), NBE (9.8 mg, 0.103
mmol), [Ru] (0.9 mg, 1.06 jtmol), DCM (0.25 mL). The polymer was obtained as a colorless
clear elastomer (39.0 mg, 59%) after column chromatography (hexane: ethyl acetate 4:1). 1H
NMR (300 MHz, CDC13).
I . I [ I I. I . . . . I II I I I 1 1
8.0 7.0 6.0 5.0 4.0 3.0
ppm (fl)
~~~J~~ I ~I I I II I I
2.0 1.0
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Polv(8a-alt): 8a-alt (58.0 mg, 0.0766 mmol), COE (42 jýL, 0.306 mmol), NBE (7.3 mg,
0.0766 mmol), [Ru] (0.39 mg, 0.46 ptmol), DCM (0.37 mL). The polymer was obtained as a
colorless clear elastomer (90.0 mg, 91%) after column chromatography (hexane: ethyl acetate
8:1). 1H NMR (500 MHz, THF-ds, 0 OC).
I I I I I . II I
8.0 7.0 8.0 5.0 4.0 3.0 2.0 1.0 0.
Pom (f1)
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Poly(8a-paco): 8a-paco (89.0 mg, 0.117 mmol), COE (64 pL, 0.470 mmol), NBE (11.2
mg, 0.117 mmol), [Ru] (0.60 mg, 0.70 gpmol), DCM (0.60 mL). The polymer was obtained as a
colorless clear elastomer (139.8 mg, 92%) after column chromatography (hexane: ethyl acetate
8:1). 1'H NMR (300 MHz, THF-ds).
I I I I 1 I I I I I I I I I I I I I I I I I I I I I I I I I I I I 1
7.0 6.0 5.0 4.0 3.0 2.0 1.0
ppm (fl)
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Polv(8b-alt): 8b-alt (0.162 g, 0.151 mmol), COE (83 tL, 0.606 mmol), NBE (14.4 mg,
0.151 mmol), [Ru] (0.77 mg, 0.91 jimol), DCM (1.5 mL). The polymer was obtained as a
colorless clear elastomer (70.5 mg, 29%) after column chromatography (hexane: ethyl acetate
4:1). 1H NMR (300 MHz, THF-d8).
I I I I I I I I I I I I I I I I I I' I I . . . . I I I I I '
7.0 6.0 5.0 4.0 3.0 2.0 1.0
ppm (fl)
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Polv(8b-cone): 8b-cone (0.162 g, 0.151 mmol), COE (83 ptL, 0.606 mmol), NBE (14.4
mg, 0.151 mmol), [Ru] (0.77 mg, 0.91 gpmol), DCM (1.5 mL). The polymer was obtained as a
colorless clear elastomer (170.2 mg, 70%) after column chromatography (hexane: ethyl acetate
4:1). 1H NMR (300 MHz, THF-ds).
I I I I I I I  I I I I I I  I I I I I I I I I I I I I I 1j
7.0 6.0 5.0 4.0 3.0 2.0 1.0
ppm (fl)
-144-
Main-Chain Calix[4]arene Elastomers from Ring-Opening Metathesis Polymerization
Table 3.8. Crystal Data and Structure Refinement for 5a
Identification code 05211
Empirical formula C51 H68 05
Formula weight 761.05
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/c
Unit cell dimensions a = 12.8482(4) A
b = 18.7165(5) A
c = 19.2753(6) A
Volume 4388.6(2) A3
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 29.570
Absorption correction
a= 900 .
b= 108.7730(10)0.
g = 900 .
1.152 Mg/m3
0.072 mm- 1
1656
0.40 x 0.35 x 0.20 mm 3
2.00 to 29.570.
-17<=h<=16, -25<=k<=25, -26<=1<=26
84698
12300 [R(int) = 0.0365]
100.0 %
Semi-empirical from equivalents
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Max. and min. transmission 0.9857 and 0.9717
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 12300 / 3 / 534
Goodness-of-fit on F2  1.033
Final R indices [I>2sigma(I)] R1 = 0.0633, wR2 = 0.1707
R indices (all data) R1 = 0.0759, wR2 = 0.1833
Largest diff. peak and hole 1.019 and -1.139 e.A-3
Table 3.9. Crystal Data and Structure Refinement for 8b-alt
Identification code 06068
Empirical formula C86.50 H118 04
Formula weight 1221.81
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1
Unit cell dimensions a = 14.9565(8) A
b = 15.7696(9) A
c = 17.7243(10) A
Volume 3754.6(4) A3
Z
Density (calculated)
Absorption coefficient
a= 82.483(2)0.
b= 88.559(2)0.
g = 65.0160(10)0.
2
1.081 Mg/m 3
0.064 mm-1
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F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 29.130
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
1338
0.40 x 0.30 x 0.20 mm3
1.44 to 29.130.
-20<=h<=20, -21<=k<=21, -24<=1<=24
79633
20173 [R(int) = 0.0298]
99.6 %
Semi-empirical from equivalents
0.9873 and 0.9749
Full-matrix least-squares on F2
20173 / 2481 / 1208
1.050
R1 = 0.0719, wR2 = 0.2027
R1 = 0.1019, wR2 = 0.2306
1.158 and -0.708 e.A -3
Table 3.10. Crystal Data and Structure Refinement for 11
Identification code 06251-sq
Empirical formula C56 H72 04
Formula weight 809.14
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Orthorhombic
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Space group
Unit cell dimensions
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 23.26'
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole
Pnma
a = 26.5804(12) A
b = 15.3665(7) A
c = 13.1682(6) A
5378.5(4) A3
= 900.
= 900.
= 900 .
4
0.999 Mg/m3
0.061 mm-1
1760
0.25 x 0.20 x 0.15 mm3
1.73 to 23.260.
-29<=h<=29, -17<=k<= 17, -14<=1<= 14
71039
4024 [R(int) = 0.0555]
99.9 %
Semi-empirical from equivalents
0.9909 and 0.9849
Full-matrix least-squares on F2
4024 / 594 / 393
1.083
R1 = 0.0820, wR2 = 0.2189
R1 = 0.0956, wR2 = 0.2297
0.550 and -0.219 e.A-3
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Studies in this chapter are in collaboration with Fei Wang.
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4.1 Introduction
Recently Fei Wang of the Swager research group has demonstrated that high-
performance chemiresistive sensors based on single-walled carbon nanotube (SWCNT) and
functionalized polythiophene (PT) platform can be fabricated in a simple fashion and monitor
chemical warfare agents sensitively and quantitatively.1 As discussed in Chapter 1,
chemiresistive sensors possess many advantages such as low fabrication cost, low operating
power consumption and easy measurement and maintenance. As a continuous program, we
further endeavored in expanding its applications to other analytes, which are of interest to
homeland security and environmental concerns.
The strategy is to incorporate receptor motifs into the hybrid system, specifically in this
chapter, calixarenes are chosen for their well-known host-guest chemistry. The analytical target
is xylene isomers, which have extremely similar chemical and physical properties. Table 4.1
shows selected physical properties of the three xylene isomers. To our knowledge, there are no
simple or efficient chemosensory detecting schemes available.
Table 4.1. Some Physical Properties of Xylene Isomers
melting point boiling point vapor pressure at 25 OC
(oC) (oC) (mmHg)
o-xylene -25.2 144.4 6.6
m-xylene -47.4 139.3 8.3
p-xylene 13-14 137-138 8.7
4.2 SWCNT/PT/Calixarene Polymer Three-Component System: a Proof-of-Concept
A wide variety of chemical substances can be utilized to dissociate as-made CNT
bundles to form stable and homogeneous dispersions. Surfactants2 are a family of most
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frequently used small molecules. In the polymer world, conjugated polymers,3
biomacromolecules 4 and synthetic (co-)polymers5 were also shown to be powerful dispersing
reagents. In principle, some interaction between the dispersing reagent and CNT is needed in
order to break the strong van der Waals force among the CNT bundles. In this regard,
conducting polymers are excellent candidates due to their strong n-ir interaction with the CNT
surface.
Hongwei Gu of the Swager lab previously demonstrated that high-molecular-weight
regioirregular poly(3-hexylthiophene) (P3HT) has superior dispersing ability and SWCNT
concentrations as high as 3 mg/mL can be achieved.6 The morphology of P3HT-wrapped
SWCNTs is shown in Figure 4.1. The calculated diameter of an individual P3HT-wrapped
SWCNT is ca. 3 nm. From both the Atomic Force Microscope (AFM) image and Transmission
Electron Microscope (TEM) image, SWCNTs are well dissociated and the measured diameters
are consistent with the theoretical value.
Arkadi Vigalok and Zhengguo Zhu of the Swager lab investigated
electropolymerization of metallocalixarenes, whose cone conformation is rigidly locked by
Tungsten (VI) at the lower rim (Scheme 4.1). They found the polymeric films obtained from
the electropolymerization in the presence of p-xylene had ten times greater conductivity than
those films deposited in the absence of p-xylene. Strong specific complexation of p-xylene
inside the hydrophobic and aromatic pocket of calixarenes was proposed to be the origin of the
difference.7 This result inspired us to utilize calixarene polymers (CPs) as the receptor motif in
the hybrid sensory system aimed for distinguishing of xylene isomers.
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4
(c)
Ka
(d)
20 nm
Figure 4.1. (a) AFM image of P3HT-wrapped SWCNTs. Four individual tubes with an
average height of 1.93 nm are shown in the insert. (b) TEM image of one individual SWCNT
wrapped with P3HT (diameter = 2.3 nm). (c) Computer-generated image of a P3HT-wrapped
SWCNT (side-view). (d) Computer-generated image of a P3HT-wrapped SWCNT (cross-
section). The calculated diameter is ca. 3 nm (adapted from ref. 6).
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Scheme 4.1. Electropolymerization of Metallocalixarenes7
n
electropolymerization
The calixarene polymer P(8a-alt) (Chapter 3) was chosen because it contains
calixarene moieties mainly in cone and partial cone (paco) conformations. We hypothesize
only p-xylene can firmly sit inside the cavity of cone conformer and that all the three xylene
isomers may have different binding affinities to the paco conformer, which has a semi-open
cavity. This combination may allow us to observe different signals from the sensory device
upon exposure to the xylene isomers.
Calixarene polymer P(8a-alt) itself cannot directly disperse SWCNTs, probably
because the interaction between the non-conjugated polymer and SWCNT surface is not strong
enough. P3HT must be present in the system as the first layer of wrapping material. Therefore,
P(8a-alt) was added to the SWCNT/P3HT dispersion at certain concentrations, and the three-
component system was sonicated for a short period of time (typically 10 min). No phase
separation was observed in the solution state. However, a slight phase separation did occur
when the homogeneous solution was processed to films. The proposed architecture of the
single unit is illustrated in Figure 4.2, with the calixarene polymer (CP) loosely sitting on the
surface of P3HT-wrapped SWCNT. When the three-component solution is cast onto substrate
and forms a film, a percolated network of these individual units is established.
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CP -
o-xylene m-xylene p-xylene SWCNT-
Figure 4.2. Cartoon depicting the proposed structure of a single unit in the sensory system.
A~
sputtering
spin-coating gold
mid. view
top vim
Figure 4.3. Schematic of device fabrication.
Sensing procedure:
w
time
V
Analytego Fresh AirI,
Monitor current change
as signal along time,
at constant voltage (0.1 V).
Figure 4.4. The ideal sensing scheme.
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The sensing device is fabricated in a highly simplified fashion, without the assistance of
any sophisticated instruments. CP was added at 1:1 (weight ratio, with respect to P3HT) to the
stable SWCNT/P3HT dispersion in CHC13, which was previously prepared by sonication and
centrifugation. After sonication, the dispersion was drop-cast onto pre-cleaned glass slide. Two
strips of gold layer were then sputter-coated on the film as the electrodes. A control device
without CP was also made by exactly the same procedure. The process and architectural views
of the device are shown in Figure 4.3.
The sensing response is the conductance change between the two electrodes at a
constant bias voltage (typically 0.1 V). In practice current is monitored as the readout and we
do not determine the absolute conductivity. In an ideal scenario shown in Figure 4.4, the
current is a flat line without exposure to analyte vapor. Upon exposing the device to analyte
vapor, a current change is observed. After removing the vial containing the analyte, the current
goes back to the flat baseline. Depending on the nature of the analyte, peaks with varied
intensities are given in the diagram.
The actual performances of the devices are shown in Figure 4.5 and Figure 4.6. The
control device, which only contains P3HT-wrapped SWCNTs but no CP, gives three identical
signals upon exposure to the three xylene isomers (Figure 4.5). In contrast, the
SWCNT/PT/CP three-component device gives different responses to the three isomers (Figure
4.6). This is the solid evidence that CP is the essential component in the sensory system. As
shown in Figure 4.6, exposing of the device to o-xylene gives no response at all. m-Xylene
gives large drop of current for the initial exposure but there is no more signal for the following
exposure, probably due to the saturation of m-xylene in the device. However, further exposure
to p-xylene gives even larger response for the first time, implying the system has more
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favorable binding sites for p-xylene. An additional exposure to p-xylene shows small signal,
presumably due to saturation as well. Table 4.2 summarizes the signals (-AI/Io) for the three
xylene isomers along with some other aromatic molecules of interest (not shown in the
diagram).
2.3x10 7
E 2.2x10"7
2.1x10 "
2.0xl0
0 200 400
time / s
Figure 4.5. Performance of the control device (SWCNT/P3HT system).
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Figure 4.6. Performance of the
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time / s
SWCNT/P3HT/CP hybrid sensor.
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Table 4.2. Responses toward Different Analytes
2,4-o-xylene m-xylene p-xylene dinitrobenzene dinitrotoluene nitrobenzene toluenedinitrotoluene
-A/llo 0 0.2 0.25 <0.01 <0.01 0.02 0.67
This study proved that calixarene polymers can function as the receptor motif in a
chemiresistive sensory system. By utilizing the complementary shape between calixarenes and
analyte molecules, we can distinguish small molecules with similar chemical and physical
properties. Xylene isomers are challenging targets and the capability of differentiating them is
clearly a manifestation of the power of the approach.
The disadvantages of the three-component system are obvious. First, in contrast to the
anticipated ideal sensing scenario, the device shows irreversible performance. The latter feature
is probably because thick films were necessary to achieve the required conductance, at the
same time, the tight binding of the analyte molecules results in slow diffusion out of the device.
Second, the baseline is not stable, likely due to phase separation. The device is very susceptible
to environmental effects, showing a baseline with many spikes prior to the analyte exposure.
This is probably due to the turbulence caused by manually moving the vial close to the device.
Furthermore, because of some phase separation in the solid state, an ideal percolated network
cannot be built up. Third, the signal difference between m-xylene and p-xylene is not explicit
enough. Fourth, the device responds to other molecules such as toluene. It is understandable
that toluene has similar shape as p-xylene and it is even smaller. As a result, toluene gives
much stronger response than p-xylene.
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Figure 4.7. Performance of two other SWCNT/P3HT/CP hybrid sensors. (a) CP is P5a
(Chapter 3). (b) CP is P(8b-cone) (Chapter 3).
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To probe whether reversibility could be achieved by varying conditions in device
fabrication, we further tried to spin-cast the three-component dispersions to obtain thinner
films, from which analyte molecules are presumably easy to diffuse out after exposure. Thinner
films with no observable phase separation were spin-cast but in order to have the necessary
current readout, a higher bias voltage (1 V for spin-cast films vs. 0.1 V for drop-cast films) is
needed. As shown in Figure 4.7, the optimized three-component hybrid sensors did
demonstrate reversible detections with fairly attenuated noise. However, the signal differences
between the xylene isomers are small. If P5a (Chapter 3) is used as the CP (Figure 4.7-a), the
sensor has much improved stability but exhibits almost no distinguishability. This is likely
because P5a has high molecular weight and calixarene moieties in fixed cone conformation.
P5a itself may form small isolated domains by the extended hydrophobic main chains and
these calixarene-deficient domains may have equal affinity to the three xylene isomers. In this
sense, the analyte molecules may have better chance to diffuse into the polymer matrix rather
than the calixarene cavities, giving essentially identical responses. If P(8b-cone) (Chapter 3)
is used as the CP (Figure 4.7-b), the sensor demonstrates the ability to distinguish the three
xylene isomers at small extent but the stability becomes worse. P(8b-cone) has much lower
molecular weight and higher calixarene ratio, diminishing the formation of main chain domains.
Additionally, the conformation of calixarene moieties in P(8b-cone) is dynamic, which means
the calixarenes are allowed to adjust themselves to adopt a suitable conformation for better
contact with the P3HT-wrapped SWCNTs. However, this loose three-component architecture
is not stable and phase separation may take place during sensing, resulting in a less stable
baseline.
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It is clear reversibility can be realized by optimizing the conditions of device
fabrication. However, selectivity and stability cannot be achieved at the same time. We
reasoned most of the drawbacks of the three-component systems could be ascribed to the
complicated architecture. The assembling structure of the three-component device is unclear
and CP may not have significant contact with PT-wrapped SWCNTs. The flexible elastomeric
nature of the CP makes it possible to adopt a random coil conformation so the analyte
molecules tend to stay in the polymer matrix. A solution to most of these issues is to synthesize
a new polymer that contains receptor moieties and at the same time can be the direct wrapping
material for SWCNTs. This way, phase separation can be suppressed, and sensitivity can be
enhanced.
4.3 Synthesis of Polythiophene with Pendant Calixarene
A new polythiophene with pedant calixarene (CalixPT) was synthesized through a
precursor polymer route. It is known that calixarenes have strong interactions with various
metal and organometallic compounds that are heavily associated with the polymerization of
thiophenes. To prevent such interferences, precursor PTs with suitable leaving groups on side
chains were first synthesized. Then calixarenes were installed onto the PTs by post-
polymerization reactions.
Synthesis of the precursor PTs is summarized in Scheme 4.2. Tosylate was chosen
because it is a much better leaving group than bromide and chloride, which is crucial for
polymer reactions to achieve high conversion. Also it can be easily derivatized from
commercially available starting materials. The wrapper PT should have good solubility in
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organic solvents to facilitate dispersing process. We envisioned tosylate could provide the
polythiophene with the required solubility.
Scheme 4.2. Synthesis of Precursor PTs
TsCl S
Et3N, cat. DMAP
DCM, rt, overnight
100%
OTs
2
Hex
3HT
S
+ b \
OTs
FeCl 3
CHCI3, mechanical stir
0 oC, overnight
43%
S
n
OTs
P2
scarcely soluble
Mn = 56.6 kDa
Mw = 148.2 kDa
PDI = 2.62
Hex
FeC13
CHCI3
sonication, 3 h
P(2-co-3HT)
all copolymers are soluble
a:b x yield Mn Mw
n (%) (kDa) (kDa)
3:1 13 57 72.1 199.9
1#1 :2 .5 4A Q 1092
1:1 1.1 45 61.7 228.8
Thiophene with tosylate pedant 2 was synthesized quantitatively from the purchased 2-
(3-thienyl)ethanol 1. Homopolymerization of 2 under oxidizing iron trichloride conditions
yielded high-molecular-weight P2 but its solubility in organic solvents was poor. Since P2 is
not suitable for further post-polymerization reactions, we turned to a copolymerization strategy.
Oxidative copolymerization of 3-hexylthiophene (3HT) and 2 furnished high-molecular-weight
P(2-co-3HT)s with much enhanced solubility. The composition of the copolymer, which is
determined by 'H NMR, is not closely correlated to the initial feeding ratio of the comonomers.
We were, however, delighted to find 1:1 feeding ratio yielded copolymer with high tosylate
incorporation (shown in red).
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The installation of calixarene receptor to the precursor PT turned to be challenging
because the parent calixarene has multiple reactive phenolic sites and thus is prone to
crosslinking. The crosslinked PT has poor solubility and is unable to disperse SWCNTs.
Scheme 4.3. An Unsuccessful Installation of Calixarene Receptor
OH OtHO OH O OHOHO
Ba(OH)2, BaO
PrBr, DMF
" " " 30 0 C,2h
3: 82% 4: trace
)()
OHHex
Hex
n NaH, THF/DMF
reflux, overnight
P(2-co-3HT)
As shown in Scheme 4.3, our initial strategy was to tri-alkylate parent p-tert-
butylcalix[4]arene to get calixarene 3, which only possesses one reactive free phenol.
Calixarene 3 was obtained by literature procedure.8 However, it contains very trace amount of
di-alkylated product 4, which is a crosslinker and cannot be thoroughly separated. Attempts to
install calixarene to P(2-co-3HT) by using the crosslinker-contaminated calixarene 3 only
produced insoluble polymer 5.
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Scheme 4.4. Successful Installation of Calixarene Receptor
OH HeOHHO
Hex
n CsF, THF/DMF 1:1
40 OC, 3 d
88%
n
73.9 kDa
= 262.8 kDa
- 3.55
Mn =61.7 kDa
Mw =228.8 kDa
PDTI= 71
We then focused on careful selection of weak bases for mono-alkylation of
calix[4]arenes. This is an even shorter route but the choice of weak base is extremely crucial.
There are many conditions available in the literature for mono-alkylation. After screening, we
found CsF is the optimal weak base. 9 As shown in Scheme 4.4, polymer reaction by using CsF
efficiently installed calixarene receptor onto the polymer backbone without causing any
crosslinking. The resulting CalixPT 6 is soluble in common organic solvents and its calixarene
density is high, although the complete conversion was not observed.
4.4 SWCNT/CalixPT System: an Improved Chemiresistive Sensor
The new CalixPT 6 can also debundle SWCNTs efficiently and form stable and
homogeneous dispersion in organic solvents, such as CHC13, as shown in Figure 4.8. The
precursor P(2-co-3HT) was used to disperse SWCNTs in the same fashion as a control
experiment. After sonication, the PTs are supposed to wrap around SWCNTs in a way as
shown in Figure 4.9.
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Figure 4.8. Dispersing SWCNTs by CalixPT 6.
Hex
OTs P(2-co-3HT)
~rLmL
V
<PT 6
SWVCNT
soni cation
Ii
Figure 4.9. Cartoons showing SWCNTs wrapped by P(2-co-3HT) or CalixPT 6.
Devices were fabricated in the same way as previously described and the sensing
performances are shown in Figure 4.10 and Figure 4.11. Again, without calixarene receptors
installed, the SWCNT/P(2-co-3HT) system is unable to differentiate xylene isomers, giving
almost identical signals upon exposure (Figure 4.10). The improved SWCNT/CalixPT hybrid
sensor can clearly distinguish the isomers (Figure 4.11).
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Figure 4.10. SWCNT/P(2-co-3HT) hybrid system (the control experiment).
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Figure 4.11. SWCNT/CalixPT hybrid sensor.
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As expected, p-xylene gives the largest response, with an average -Al/lo of 25.0%, o-
xylene gives the smallest response, with an average -Alllo of 5.1%, and m-xylene shows
response in between the two values (10.8%). The difference is sufficient to consider practical
detection schemes. Furthermore, the device is reversible and reproducible. These two critical
properties pre-qualified the new and simplified chemiresistive sensory platform to be robust
and fieldable device for real-world monitoring and detection.
4.5 Future Studies
Although our preliminary results demonstrated the qualifications of the
SWCNT/CalixPT hybrid system as powerful and selective chemiresistive sensors, there are
still several aspects needed to be improved. First, the baseline is not completely flat and there
is obvious drifting on it, although it is much better than the previous three-component system.
Second, presently the sensing is carried out under near-saturated vapor pressures. A systematic
investigation of sensitivity, including cross-sensitivity, is necessary to gain the information of
detecting limits. Third, the stability of the device is another crucial property for real
applications. More efforts are required to understand the structure-and-property and structure-
and-stability relationships.
In order to solve the problems and improve the performance, the most important thing
is to understand the sensing mechanism, which is the fundamental issue and can guide our
further adventures. There are several possible mechanisms accounted for the sensing behavior.
One is "swelling mechanism", in which physical distance between the SWCNTs is increased
upon invasion of the analyte into the network and formation of complex with the receptor. If
this mechanism is true and accounts for the major contribution, the critical receptors are those
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at the junctions of SWCNTs as shown in Figure 4.12. The dangling polymer chains can
weaken the performance because they have minimum contact with the SWCNTs. One way to
improve the performance is to crosslink the SWCNTs through those working calixarene
receptors. Sensitivity will be enhanced because the distance change will be more explicit due to
the original close contact between the SWCNTs caused by calixarene crosslinkers. At the same
time, crosslinking can provide a more robust morphology and thus improve the stability. There
are a number of di-functionalized calixarenes available for this purpose. For instance, the
combination of newly developed calixarene dialkynes (Chapter 2) and PTs with side-chain
azido groups10 is a promising approach via highly efficient "click chemistry".1'
swell
resistance
Figure 4.12. Cartoon shows the suggested swelling mechanism. The size of the working
receptor, which is at the junction of the two SWCNTs, is intentionally exaggerated.
Other possible mechanisms include charge transfer and charge carrier pinning, which
can be monitored by a field effect transistor study. Specific experiments need to be designed to
probe the working model. It is highly possible that the mechanism is a cocktail of two or more
individual ones. Morphology of the films was found to be one of the determining properties.
Parameters in device fabrication and post-casting treatments are also interesting areas to be
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investigated. Some auxiliary analytical methods, such as Quartz Crystal Microbalance
(QCM), 12 are helpful for qualitatively or quantitatively examining the sensing behaviors.
The upper rim of the calixarenes is also open for functionalization. Hydrophobic and
electronic properties of the cavity can be tuned by installation of various functional groups,
including ionic species, depending on which analytical target is targeted. Furthermore, other
receptor motifs, such as cyclodextrins, crown ethers, and porphyrins, can be easily connected
onto the polymer chains through the precursor PT. The synthetic route presents tremendous
opportunities for a wide array of analytes.
4.6 Conclusions
The ability of chemiresistive sensory platform was first demonstrated by the
SWCNT/P3HT/CP three-component hybrid system. The performance was then greatly
enhanced by simplifying the system to SWCNT/CalixPT two components. The key point was
the development of the new CalixPT, which was achieved by the following route. Soluble and
high-molecular-weight precursor PTs were synthesized via copolymerization. Post-
polymerization reactions installed calixarenes as side chains onto the polymer backbone by
carefully choosing the weak base. The resulting CalixPTs were utilized to disperse SWCNTs.
The stable and homogeneous dispersions were easily processed to chemiresistive sensors for
selective detection of xylene isomers.
The new platform described in this chapter presents a promising approach to high-
performance and low-cost sensors for the detection of challenging analytes. Studies on the
understanding of the sensing mechanism and enhancement of stability and sensitivity are
ongoing by other members of the Swager Laboratory.
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Experimental Section
General Methods and Instrumentation. Nuclear Magnetic Resonance (NMR) spectra
were recorded on Varian Mercury-300 or Inova-500 NMR Spectrometer. Chemical shifts are
referenced to residual solvent. High-Resolution Mass Spectra (HRMS) were obtained on
Bruker Daltonics APEX II 3 Tesla FTICR-MS. Polymer molecular weights were determined
by Gel Permeation Chromatography (GPC) versus polystyrene standards (Polysciences,
Warrington, PA) using THF as the eluent at a flow rate of 1.0 mL/min in a Waters series 1525
HPLC system equipped with four Styragel HT columns operated at 35 'C, Waters in-line
degasser AF, 717Plus Autosampler, 2414 refractive index detector, and 2487 dual k
absorbance detector. Appropriate amount of sample (- 1 mg/mL) was dissolved in THF and
passed through a 0.45 ýpm PTFE syringe filter (Whatman, Clifton, NJ) prior to injection into
the column. Sensing experiments were performed on an AUTOLAB PGSTAT 20 potentiostat
(Eco Chemie) at a constant potential (typically 0.1 V). All synthetic manipulations were carried
out under an argon atmosphere using standard Schlenk techniques or in a nitrogen gas filled
glovebox (Innovative technologies) unless otherwise noted. Glassware was oven-baked and
cooled under nitrogen atmosphere. All organic extracts were dried over anhydrous Na2SO 4 and
filtered prior to solvent removal under reduced pressure. The products were dried under
vacuum at least overnight to constant weights before weighing and calculating yields.
Materials. All solvents were of spectroscopic grade unless otherwise noted.
Anhydrous dichloromethane, toluene, acetonitrile, and tetrahydrofuran were obtained using a
solvent purification system (Innovative technologies) immediately before using. Anhydrous
DMF was purchased from Aldrich as Sure-Seal Bottles and used as received. Single-walled
carbon nanotubes (SWCNTs) were acquired from Carbon Nanotechnologies Inc. (CNI Lot #
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R0204) and were synthesized by the high-pressure catalytic decomposition of carbon
monoxide (HIPCO) method. p-tert-Butylcalix[4]arene was prepared by literature methods. 13
Compounds 3 was synthesized following literature procedure.8 All other chemicals were of
reagent grade and used as received.
2-(Thiophen-3-yl)ethyl 4-methylbenzenesulfonate (2): to a stirred solution of 2-(3-
thienyl)ethanol 1 (2.8 mL, 25 mmol) and p-toluenesulfonyl chloride (5.836 g, 30 mmol), 4-
dimethylaminopyridine (DMAP) (0.740 g, 6 mmol) in 100 mL anhydrous DCM under ice-
water bath, was dropwise added triethylamine (6.3 mL, 45 mmol). The mixture was warmed to
room temperature and stirred overnight before adding 10 mL water and 10 mL 1 M HCl. The
organic layer was washed with 15 mL and 15 mL brine successively. The organic solvent was
removed in vacuum and the residue was purified by flash column chromatography
(hexanes:ethyl acetate 9:1) to yield a light yellow viscous liquid (7.093 g, 100%). 1H NMR
(300 MHz, CDC13) 6: 7.70 (d, 2H, J = 8.3 Hz), 7.28 (d, 2H, J = 8.3 Hz), 7.18 (d, 1H, J = 4.4
Hz), 6.93 (s, 1H), 6.84 (d, 1H, J = 4.4 Hz), 4.18 (t, 2H, J = 6.9 Hz), 2.95 (t, 2H, J = 6.9 Hz),
2.40 (s, 3H). 13C NMR (75 MHz, CDC13) 6: 144.74, 136.42, 132.71, 129.80, 128.00, 127.67,
125.71, 122.04, 69.99, 29.62, 21.50. HRMS-ESI (m/z) for C13H140 3S2 calcd. [M+Na]+:
305.0277; found: 305.0285.
General Method for Oxidative Polymerization of Thiophenes. To a stirred solution
of anhydrous FeC13 (2.2 - 2.5 equiv. to the total thiophenes) in CHC13 was dropwise added a
solution of 3-hexylthiophene (3HT) and thiophene 2 at a certain ratio (0, 3:1, 2:1 or 1:1) in
CHC13. The reaction mixture was either mechanically stirred under 0 oC overnight or sonicated
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for 3 h. Then the mixture was poured into CHCl3. The organic layer was washed with 30 wt%
NH40H aqueous solution (twice) and 10 v/v% hydrazine aqueous solution (twice). The
solution was concentrated and precipitated to large amount of MeOH. The polymer product
was received as red to reddish brown solid.
P2: for homopolymerization of 2, mechanical stirring at 0 oC was found to be superior
to other conditions, such as sonication and magnetic stirring at room temperature, in terms of
molecular weight of the polymer product. A solution of 2 (1.1295 g, 4 mmol) in 10 mL CHC13
was dropwise added to a solution of FeC13 (1.6551 g, 10 mmol) in 10 mL CHC13 under 0 TC.
The reaction mixture was mechanically stirred under 0 TC overnight. After purification, the
product was obtained as a dark red solid (0.483 g, 43%). 'H NMR (500 MHz, CDC13) 8: 7.74
(bm, 2H), 7.30 (bm, 2H), 7.11 (bs, 1H), 4.26 (bm, 2H), 3.24 (bm, 2H), 2.39 (s, 3H).
P(2-co-3HT) (1:1 feeding ratio): a solution of 3HT (76.5 mg, 0.45 mmol) and 2 (127.1
mg, 0.45 mmol) in 2.5 mL CHCl3 was dropwise added to a solution of FeCl3 (0.3277 g, 1.98
mmol) in 2.5 mL CHC13. The reaction mixture was sonicated for 3 h. After purification, the
product was obtained as a red solid (91.0 mg, 45%). 1H NMR (500 MHz, CDCl3) 8: 7.73 (bm,
2H), 7.27 (bm, 2H), 7.05 - 6.95 (bm, 2.1H), 4.24 (bm, 2H), 3.24 (bm, 2H), 2.81 (bm, 2.2H),
2.38 (s, 3H), 1.71 - 0.92 (bm, 12.1H).
Post-Polymerization Reactions.
PT 5: to a stirred suspension of calixarene 3 (55.8 mg, 0.072 mmol) and NaH (18.2 mg,
0.72 mmol) in 16 mL THF and 4 mL DMF heated at reflux, was dropwise added a solution of
P(2-co-3HT) (49.0 mg) in 20 mL THF. The reaction mixture was refluxed overnight. After
cooling down to room temperature, solvents were removed and the residue was taken up in 200
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mL CHC13. The organic layer was washed with 20 mL 1 M HC1, water and brine successively.
The solution was concentrated and precipitated to large amount of MeOH. After drying, the
precipitated dark red solid was no longer soluble. GPC and NMR of the organic solvents (THF
and CHC13) extracts show the scarcely soluble portion is the starting calixarene 3.
CalixPT 6: to a stirred suspension ofp-tert-butylcalix[4]arene (38.2 mg, 0.05828 mmol)
and CsF (10.7 mg, 0.06993 mmol) in 5 mL THF and 15 mL DMF heated at 40 oC, was
dropwise added a solution of P(2-co-3HT) (30.0 mg, x = 1.1, 0.06475 mmol repeating unit) in
10 mL THF. The reaction mixture was heated at 40 oC for 3 d. After cooling down to room
temperature, solvents were removed and the residue was taken up in 75 mL CHC13. The
organic layer was washed with 10 mL 1 M HC1, water and brine successively. The solution
was concentrated and precipitated to large amount of MeOH. The product was obtained as a
red solid (60.0 mg, 88%). 1H NMR (500 MHz, THF-d8) 6: 10.24 (s, 2H), 9.59 (s, 1H), 7.72
(bm, 1.8H), 7.33 (bm, 1.8H), 7.25 (s, 1.9H), 7.16 - 7.02 (bm, 10.4H), 4.25 (bm, 3.8H), 3.94 -
3.43 (bm, 8H) 14, 3.24 (bm, 3.8H), 2.85 (bm, 4.8H), 2.35 (s, 2.7H), 1.47 - 1.27 (bm, 37.2H),
1.19 (s, 9H), 0.91 - 0.88 (bm, 16.2H).
General Procedure for Dispersing SWCNTs. SWCNTs were purified by the protocol
developed by Hongwei Gu.6 To 5 mL CHC13 were added 5 mg purified SWCNTs and 5 mg PT
(for the three-component system, another 5 mg CP was added). The mixture was then
ultrasonicated for 2 h before subjected to centrifugation (5000 rpm, 60 min). The supernatant
was collected. Small amount of undispersed SWCNTs was left at the bottom. The clear
dispersion is stable on bench for prolonged period of time.
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General Procedure for Device Fabrication and Sensing Experiment. For the
SWCNT/PT/CP three-component system, the dispersion was drop-cast to a plasma-cleaned
glass slide. For the SWCNT/PT two-component system, the dispersion was spin-cast (3800
rpm, 20 s) to a plasma-cleaned glass slide. The center of the film was longitudinally covered
with an aluminum foil (4 mm width). Gold layer (50 nm thickness) was sputter-coated to the
aluminum foil-shielded film. The aluminum foil was then removed, leaving two strips of gold
layer as electrodes. Two patches of copper tapes were glued on the gold electrodes and the
device was mounted onto the clamps of potentiostat through the contact of the copper tape. A
bias voltage (0.1 V) was applied between the electrodes and the current was monitored along
the time. For sensing, a 20 mL scintillation vial containing 1 mL analyte liquid at the bottom
was gently moved up to allow the device be immersed in the vapor phase of the analyte. At this
time, a sharp drop of the current was observed on the potentiostat. Once the current stopped to
decrease, the vial was removed and the device was exposed to the ambient air. To keep
consistency, the film was not treated with heating after each exposure to the analyte vapor. For
the three-component system, the device was irreversible. For the two-component system, the
baseline went back to its original state with some offset.
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(14) This is the estimated proton number for calixarene's bridge-head protons because this
area is overlapped with the protons from THF-d 8 solvent.
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5.1 Introduction
Since its first discovery by Daniel Fox at GE' and Herman Schnell at Bayer AG2
independently in 1953, bisphenol A (BPA) based polycarbonate (PC) has become one of the
most successful polymer products in the commercial market. The unique properties and merits
of PC qualify it for a wide variety of applications, spanning from automobile parts to data-
storage media. As one of the major research themes at the Institute for Soldier
Nanotechnologies (ISN), next-generation energy-absorbing materials are actively pursued to
enhance solders' survivability. PC was envisaged to be a suitable platform for light-weight and
transparent armors due to its extraordinary mechanical and optical properties. Previously,
optimization of process techniques and formulations were heavily involved in the research for
the improvement of properties. Our strategy is to incorporate triptycene through its 1,4-
positions of one phenyl ring into polymer backbones to construct an unconventional
architecture called "molecular barbed wire". It has been demonstrated in the Swager group that
iptycene units can align different molecules, such as polymers and liquid crystals, through the
minimization of internal free volume (IFV).3 This idea has been successfully applied and
realized in polyester systems and a molecular threading and interlocking mechanism was
proposed to be responsible for the drastic enhancements of mechanical properties. 4 Details of
these background studies can be found in Chapter 1.
Our molecular-level approach requires an optimized synthetic method, customized for
triptycene-containing PC (T-PC). Although BPA PC has been developed for more than 50
years, there are only a few synthetic routes available: interfacial polymerization, 5 melt
polymerization,1 ring-opening polymerization of cyclic oligomers6 and solid-state
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polymerization. 7 Among these methods, only the first two were commercialized and can be
easily utilized and modified.
Scheme 5.1. Interfacial Polymerization for BPA PC
HO+ 
+OH
 ~ OH
BPA
HO
N N/
chain stopper
catalyst(s)
CH2C12, aq. NaOH
Scheme 5.2. Melt Polymerization for BPA PC
n %OO
BPA DPC
catalyst(s)
neat
high temperature, high vacuum
OH
+ 2n-I
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Interfacial process remains as the dominant production method in industry because
phosgene, the starting material, is readily accessible, and the process is performed under mild
conditions, which are particularly suitable for monomers with sensitive functional groups. The
general reaction is shown in Scheme 5.1. Typically four phases are involved in the reaction: a
liquid organic phase (CH 2C12), an aqueous NaOH phase, a solid BPA phase and a gaseous
phosgene phase. Phase transfer catalysts (PTCs) can be added to diminish side reactions and
promote polymerization efficiency.8 Phosgene is a notoriously toxic gas and chemical
companies have developed strict and safe practice for its handling. Despite the popularity in
industry, the use of phosgene gas in a laboratory environment is not convenient due to safety
concerns.
Melt polymerization is the other widely used method and the general reaction is
illustrated in Scheme 5.2. It utilizes diphenyl carbonate (DPC) as the transesterification reagent.
DPC is prepared either directly from the reaction between phenol and phosgene or by a multi-
step process from dimethyl carbonate, which is the carbonylation product of carbon monoxide.
Pressman et al. reviewed the synthesis of DPC as well as BPA and emphasized the importance
of monomer purity in PC manufacture. 9 Although the access to DPC is indirect and the process
requires high temperature and high vacuum, melt polymerization was chosen for our
production of T-PCs mainly because of safety and the ease of purification.
Although both methods can produce similar PCs, each process has its own advantages
and disadvantages. Brunelle et al. summarized the characteristics of the two polymerizations 10
as shown in Table 5.1.
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Table 5.1. Characteristics of Interfacial and Melt Polymerizations (adapted from ref. 10)
interfacial melt
kinetically controlled reaction thermodynamically controlled reaction
molecular weight control via chain stopper molecular weight control via extent of reaction
amine catalysis in solvent base catalysis of condensation
low temperature (- 40 OC) high temperature (- 300 oC)
washing and isolation necessary direct isolation via extrusion
high MW can be easily achieved low MW easy to achieve (optical)
good color, near 100% endcapping good color, 60-90% endcapping
few by-products or side reactions side reactions may occur at high temperature
requires phosgene and solvent requires DPC and basic catalyst
brine recycle controls Cl usage may or may not require phosgene
5.2 Synthesis of Triptycene Polycarbonates with High Molecular Weight
Melt polymerization was chosen based on the following reasons: 1) use of phosgene
gas is not a convenient and safe practice in laboratory environment; 2) melt polymerization is a
solventless process and thus is environmentally friendly; 3) no substances other than trace
amount of catalyst(s) are introduced to the system so impurities are limited to a minimum; 4)
purification is simplified; 5) triptycene hydroquinone (TR), the comonomer, is thermally stable
and can survive the high temperature conditions; 6) melt processing is much more
homogeneous than interfacial processes, in which the two comonomers, BPA and TR, may not
be able to mix at molecular level. The last point is crucial because a random copolymer is
anticipated, requiring thoroughly mixing of the two comonomers during reaction.
The general polymerization is shown in Scheme 5.3. The binary catalysis was found
to be very important. A weak base, typically tetraalkylammonium hydroxide, is necessary for
catalyzing the early stage of polymerization. A strong base, normally alkali metal hydroxide, is
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needed for late stage of polymerization. The amount of catalysts is also critical. Catalyst
loading should be restricted to a minimum as to efficiently catalyze the polymerization. Excess
catalysts result in poor optical properties of the polymer product, such as darker color and less
transparent appearance. The optimized catalyst concentrations are described in the
Experimental Section. The high molecular weight T-PCs produced by using these catalyst
loadings possess essentially same optical appearance as the commercial BPA PC lupilon®
(IUP), which serves as a control throughout our study.
Scheme 5.3. General Melt Polymerization for T-PCs
0 JO
B3PA DPCDPC
catalysts
melt polymerization
high temp. (staged)
high vacuum (staged)
- PhOH
The transesterification reagent, DPC, needs to be fed at a small excess to the total
amount of TR and BPA because DPC is relatively the most "volatile" species in the system and
it may be lost at a small portion during harsh conditions. The feeding ratio described in the
Experimental Section was found to be the best to ensure the stoichiometric balance.
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As shown in Table 5.1, melt polymerization is a thermodynamically controlled reaction.
The molecular weight is determined by the extent of reaction. It is apparent that the removal of
by-product phenol is the main driving force to push the reaction forward. It is easy to distill
phenol out of the system at the early stage of reaction; however, the distillation becomes more
and more difficult when the polymerization progresses to later stages when the dramatic
increase of the viscosity limits mass transfer. We have developed optimized procedure for the
customized synthesis of high molecular weight T-PCs. To overcome the difficulty of removing
phenol and improve the reaction efficiency, the increase of temperature and decrease of
pressure are both carried out in a staged manner (the detailed stepwise procedure is described
in the Experimental Section). The stepwise procedure ensures the thorough removal of phenol
generated at each stage of the reaction and leaves almost no residual phenol to the next stage,
in which the distillation becomes harder. Additionally, the staged process can maintain the
oligomer/polymer growth at the same level, favoring the overall increase of molecular weight
and narrowing the polydispersity.
Table 5.2. Properties of BPA PC and High Molecular Weight T-PCs
x/ya TR wt% Mn Mw PDIb Me p Tg
(kDa)b (kDa)b (Da)c (g/cc)d (OC)e
0/100 0 29.9 67.0 2.24 1920 1.19 153/162
5/95 6 28.2 55.7 1.98 2390 1.20 147 / 157
15/85 16 29.6 60.7 2.05 3320 1.21 164 / 170
25/75 26 29.9 67.5 2.26 4160 1.21 176 / 183
a Molar ratio by 1H NMR. b Molecular weights and PDI by GPC versus polystyrene standards.
c Entanglement molecular weight by Melt Rheometry. d Density by Helium Pycnometry. e
Glass transition temperatures (DSC/DMTA).
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Following the optimized conditions, three high molecular weight T-PCs with varied TR
ratios (5, 15 and 25 mol%) were synthesized and their characterizations are summarized in
Table 5.2. The 0/100 sample is the commercial IUP that was used as a control sample. The
molecular weights of T-PCs are very close to the control IUP, ensuring accurate comparison of
mechanical properties. Compared to IUP, the Tg decreases for the 5/95 T-PC but increases
again for the 15/85 and 25/75 T-PCs. Both DSC and DMTA were utilized to obtain the Tg data
and the two trends are similar, ruling out the possibility of instrumental errors. The origin of
this irregular trend is unclear and will be briefly discussed in the later section of this chapter.
Higher TR ratios, for instance 30/70, were attempted but unfortunately low molecular
weight (up to 13 kDa of Mn) polymer was obtained under the aforementioned standard and
varied conditions. By the copolymerization method developed, 25/75 is the highest TR ratio
possible. One of the possible reasons to explain this result is that TR's bridge-head hydrogen
atoms may have steric interference with the transesterification reaction and impede the
incorporation of TR into the PC backbone at high ratios. T-PCs with low molecular weights
have poor mechanical properties. Sample disks made from low molecular weight T-PCs are
brittle and cannot even survive sample preparation prior to mechanical testing.
5.3 Sample Preparation for Mechanical Testing
All the four polymers (IUP and the three T-PCs) were prepared for mechanical tests
using an identical melt processing procedure (see Experimental Section for details. More
detailed description can be found in Dr. Tsui's Ph.D. thesis"). After drying at 120 oC overnight,
the polymers were compression molded at 250 'C for 10 minutes into 3 mm thick, 50 mm
diameter circular disks. All the four PCs were optically transparent, and DSC was used to
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confirm that samples were amorphous through the absence of any sharp crystalline melting
peaks and the display of only a single glass transition.
Two specific geometries were cut from the large compression molded disks for
mechanical testing: circular disk (height: 2.5 mm, diameter: 5.0 mm) and rectangular bar (1.3
mm x 2.5 mm x 20 mm). The small circular disks are for uniaxial compression tests (both low
and high strain rates). The rectangular bars are for DMTA tests to obtain storage modulus and
loss modulus data as a function of temperature at 1 Hz. The sample preparation procedures are
illustrated in Figure 5.1.
growmd powder
hot press at 250 OC
transparent d ~ 50 nun
colorless disks t- -3 nun
[Geometly 1 - disks] [Geometry 2 - bars]
0 0 1~ 20
w -1.
d --- 5 nun t- 0
t - 2.5 nuni
Compression Tests DMTA
Figure 5.1. Procedure of sample preparation for mechanical tests.
111111
5 nun
111111
- 187-
Chapter 5
Triptycene Polycarbonates: Enhancements to Mechanical Properties
5.4 Uniaxial Compression Tests
One of the most attractive properties of PC is its high impact resistance. Our objective
is to further enhance this advantage for the application in light weight and transparent armors.
From this point of view, compressive behaviors of the T-PCs are the foremost information we
desired to obtain. Uniaxial compression testing was conducted on specimens of circular disk
geometries at both low and high strain rates. A span of six decades in strain rate, ranging from
about 10-3 s 1' to 2000 s-1 , was measured.
Compression I
fm-~I l bir;
Samnple
Teflon sheets
late
sUra1Ces urcIaLdUU
with thin layer of
WD-40
(b)
(reprinted with permission from ref. 11)
(a)
Figure 5.2. (a) Zwick/Roell Z0O10 mechanical tester. (b) Sample holder layout.
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A Zwick/Roell Z010 servo-hydraulic mechanical tester (Figure 5.2-a) was used to
conduct quasistatic-rate compressive deformation tests at low strain rates (0.001 s-1 to 0.05 s'1).
As shown in Figure 5.2-b, specimens with cylindrical geometry are loaded between the two
grips and barreling is suppressed by applying two layers of lubrication, including thin Teflon®
sheets and WD-40. The use of lubricants also ensures uniform distribution of force applied to
the sample. However, it obscures the very beginnings of the stress-strain curves. As a result, it
is impossible to gain Young's modulus information from these tests (Young's modulus data are
obtained by DMTA tests and will be discussed in the next section). It also needs to be pointed
out that the end points of the stress-strain curves correspond with the termination of the
particular compression test and not with sample failure. Therefore, these compression
experiments focus on the yield behavior.12
Stress-strain curves at low strain rates are shown in Figure 5.3. Compared to IUP, the
intrinsic ductility of T-PCs is not noticeably affected by the addition of triptycene from the
shapes of these stress-strain curves. At all strain rates, the stress-strain curves of all T-PCs
display the same characteristic behavior as IUP, and the mechanical properties of the T-PCs are
consistently superior to those of IUP, with enhancements increasing with increase of triptycene
content.
-189-
Chapter 5
Triptycene Polycarbonates: Enhancements to Mechanical Properties
180,
160i
140
I •1El
100
80
60
40
20
0
0 0.2 0.4 0.6
True Strain
180•
160
140.
1511!
0.8
I%1
0.001 s"]
1.0 1.2
0.01 s' t
0.2 0.4 0.6 0.8
True Strain 1%]
100
80
60
40
20
a
0 0.2 0.4 0.6
True Strain
Figure 5.3. Uniaxial compression tests
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Figure 5.4. (a) Schematic of SHPB apparatus (reprinted with permission from ref. 13). (b)
Picture of a real SHPB apparatus. 14
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The high strain rate data (> 1000 s-1) were obtained with a split-Hopkinson pressure bar
(SHPB) apparatus. The detailed description of principles and operations of the apparatus can
be found in Dr. Tsui's Ph.D. thesis. 11 In principle, it utilizes a striker bar, which is launched by
pressurized gas, to initiate compression. The compression wave travels along two long
cylindrical bars, between which a polymer sample is sandwiched. Strain gauges are installed on
both bars to monitor the strain signals. A schematic of this apparatus is depicted in Figure 5.4-
a and a similar real setup is exhibited in Figure 5.4-b. Because the strain rate and the amount
of strain that can be imposed on the sample are both dictated by the gas pressure released, it is
not possible to deform samples at different strain rates to the same levels of total strain, as is
done at the low strain rates. Low strain rates generate small total strains and high strain rates
correspond to large total strains. As with the other tests, lubricant is applied to eliminate
barreling and the end of the stress-strain curve does not mean sample failure. Stress-strain
curves at high strain rates are shown in Figure 5.5 and the same trend of enhancement as seen
in the low strain rate tests is clearly demonstrated.
Yield strengths at both low and high strain rates, compiled in Table 5.3, are shown
graphically in Figure 5.6. From the figure, the two distinct regimes of behavior are detectable.
The rate dependence of the yield strengths shifts significantly upon transitioning from low
strain rates (0.001 s1 to 0.05 s-') to high strain rates (> 1000 s-'). Enhancements to the yield
strengths with increasing triptycene content are also of greater magnitude at high strain rates,
making the percentage improvements somewhat constant across all rates of deformation. Yield
strengths of 5/95 T-PC, 15/85 T-PC, and 25/75 T-PC are consistently 16-19%, 31-37%, and
42-47% superior to that of IUP, respectively. Yield strains are also seen to increase with
triptycene content.
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Figure 5.5. Uniaxial compression tests at high strain rates for 0/100 (black), 5/95 (blue), 15/85
(green), and 25/75 (red) PC and T-PC polymers.
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Table 5.3. Mechanical Properties of IUP and T-PCs (Standard deviations provided in
parentheses where appropriate. Standard deviations for yield strain values were all ±1%.)
sample IUP 5/95 T-PC 15/85 T-PC 25/75 T-PC
TR content [wt %] 0 6 16 26
modulusa [GPa] 1.89 (± 0.01) 2.06 (± 0.02) 2.23 (± 0.01) 2.33 (± 0.01)
Y / sy (at 0.001 s- )  [MPa] / [%] 63 ( 1)/ 10 75 ( 1)/ 11 86 ( 1)/ 11 90 ( 1)/ 13
y / sy (at 0.01 s-' )  [MPa] /[%] 66 ( 1)/ 11 78( 1) / 11 90 (2)/ 12 97(± 1)/ 13
oy / sy (at 0.05 s-l )  [MPa] /[%] 69 ( 1)/ 10 80 ( 1)/ 12 94(± 1)/ 12 99 ( 1)/ 14
Gy/ y(at 1000 s') [MPa] /[%] 107 ( 1)/ 12 124 ( 1)/ 11 141 (±2)/ 11 152 ( 1)/ 12
Gy/Ey (at 2100 s-) [MPa] /[%] 113 (± 1)/ 12 133 (± 1) /11 148 (± 2)/ 12 160( 1)/12
a Tensile modulus measured from DMTA storage modulus curves at 25 oC.
* +42%
+31%
+32%
0 +18%
+16% *
+19% • +18% •
• +43%
* +36%
* +16%
-3 -2 -1 0 1
* 0/100
* 5/95
* 15/85
* 25/75
2 3 4
Engineering Strain Rate [log sq]
Figure 5.6. Plot of yield strengths vs. strain rates for 0/100 (black), 5/95 (blue), 15/85 (green),
and 25/75 (red) PC and T-PCs.
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5.5 Dynamic Mechanical Thermal Analysis
04UVV
3500
3000
"2500
2000
S1500
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0
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Temperature C]
Figure 5.7. Storage modulus vs. temperature curves for 0/100 (black), 5/95 (blue), 15/85
(green), and 25/75 (red) PC and T-PCs.
In complement to the compressive experiments and to further probe the structure-
property relationships, DMTA was conducted to obtain storage modulus and loss modulus data
as a function of temperature at 1 Hz. The storage modulus curves, exhibited in Figure 5.7,
indicate that the room temperature modulus increases systematically with triptycene content
(values summarized in Table 5.3). DMTA confirms the Tg (labeled as cc-transition in Figure
5.8) behavior observed in DSC (values summarized in Table 5.2). The low temperature storage
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modulus data is tied directly to the low temperature thermal-mechanical transitions visible in
the loss modulus data (Figure 5.8). In the IUP, the prominent n-transition peak, which
characterizes the small amplitude segmental dynamics, occurs at about -103 'C. This peak
shifts to -109 oC for the 5/95 T-PC. The p-transition does not shift consistently with increasing
triptycene content as the peaks for 15/85 and 25/75 T-PCs are located at -95 oC and -101 'C,
respectively. In the 5/95 T-PC, an additional peak arises between the well documented ca- and
p-transitions. This transition is labeled as P' in Figure 5.8 and occurs around -24 'C. This P'-
peak is not readily visible in either the IUP or 15/85 T-PC. However, it reemerges in the 25/75
T-PC at about -21 'C, although with less intensity as seen in the 5/95 T-PC.
350
300
250
a.
S200
50
.J
100
50
0
-200 -150 -100 .50 0 530 100 150 200
Figure 5.8. Lc
Temperature [C]
)ss modulus vs. temperature curves for 0/100 (black), 5/95 (blue), 15/85 (green),
and 25/75 (red) PC and T-PCs.
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All the three T-PCs are amorphous, but the decrease in the glass transition temperature
for the 5/95 T-PC is not consistent with the triptycene-copolyester trends4a or the higher
triptycene content T-PCs. The Me measurements show that the entanglement molecular weight
increases strongly with triptycene content (by a factor of 2 for the 25/75 T-PC). It is possible
that initially the disruption (by the triptycene units) to the entangled network is not
compensated by the restricted chain mobilities (from molecular threading) accompanied by
only 6 wt % triptycene content resulting in a net lowering of the glass transition. However, at
increased triptycene content, the lateral interactions and restricted chain mobilities from the
triptycene groups more than compensate for the increase in Me and Tg increases significantly
(to 176 'C for the 25/75 T-PC).
The p-transition peak initially shifts towards lower temperatures with increasing
triptycene content but then shifts in the opposite direction, appearing to be progressively
approaching the original PC homopolymer temperature. It has been suggested that the BPA PC
requires approximately 6-9 connected repeat units to express its P-transition, 15,16 which
involves both inter-chain and intra-chain cooperative motions.16,17 Based on the assumption of
random copolymerization, the average number of PC repeats between T-PC units for 5/95,
15/85, and 25/75 are 19, 5-6, and 3, respectively. Since the 25/75 T-PC is well below the
required 6-9 units of uninterrupted BPA PC repeat units, the 0-transition should have been
eliminated. Two possible explanations for why it remains are either single triptycene-rich
blocks still exhibit a P-transition or, through the inter-chain interactions brought on by the
minimization of IFV about the triptycene units, the cooperative motions of the BPA PC
domains are enhanced. While these two explanations are not mutually exclusive, the non-
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monotonic movements of the p-transition with increasing triptycene content favor the latter,
where the effects of IFV have also been observed to be non-monotonic.
Additionally, the emergence of the salient new transition P' appears in the 5/95 T-PC,
hallmarking the possibility of a unique behavior in these samples. However, the disappearance
of this peak in the 15/85 T-PC and then its reappearance in the 25/75 T-PC is perplexing. At
least three samples per polymer were tested and not a single one contradicts this finding. There
is no readily apparent explanation for this, as it does not correlate with any of the other
structural, thermal or mechanical observations seen here. It can represent some "optimization"
of the molecular motions responsible for the relaxation spectra, but the molecular origin of the
new low temperature transition is unclear.
Most importantly, the higher triptycene content in high molecular weight T-PCs results
in enhanced mechanical properties. The modulus, yield strength, and yield strain all increase.
The modulus increases approximately on par with triptycene content, but the yield strength
displays outsized percentage enhancements relative to the triptycene weight percent (in some
cases, as high as two to three times). The benefits are nonlinear and seem to decrease with
increasing triptycene content. The increase in yield strain indicates possible enhancements to
ductility or, at least conservatively, the retaining of ductility.
5.6 Conclusions and Future Work
It is clear that triptycene can be used to enhance the mechanical properties of PC
without sacrificing two of its most important qualities: transparency and ductility. The
improvement of the yield strength of PC is nearly 50% at both low strain rates and high strain
rates, and the improvement of Young's modulus is over 20% at room temperature. These
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results indicate that the novel triptycene-enhanced PCs can offer a competitive commercial
material for use in the fields where light weight and high impact resistance properties are
crucial. Given the fact that the commercial BPA PC is already a proven excellent thermoplastic,
the enhanced T-PCs may enjoy a much broader spectrum of applications, fulfilling the
requirements in some extreme conditions, such as military environments.
From the current study, the trend of enhancements in terms of triptycene content is
obvious. However, 25 mol% is the highest ratio that can be achieved by the melt
polymerization. Alternative synthetic methods, such as ring-opening polymerizations, are
worthy of being explored to further increase triptycene ratio. Moreover, a deeper investigation
of the low temperature thermal-mechanical transitions, with a specific emphasis on the new P'-
transition, is critical for understanding of the structure-property relationships. Other relevant
experiments will also be conducted to probe tensile behavior, abrasive property, and thermal
and photo stabilities, and to examine the deformation and aging mechanisms.
Our continuous efforts in taking advantage of the IFV of iptycene molecules to improve
polymer's mechanical properties are successful for the previous polyester system4 and the
current PC system, where functional groups are presented in the polymer backbones. To
confirm the proposed molecular threading and interlocking mechanism and eliminate
functional groups' interference, a triptycene polymer free of any functional groups in the main
chain is highly desired. The development of a novel synthesis for this purpose is the topic of
the following chapter.
-199-
Triptycene Polycarbonates: Enhancements to Mechanical Properties
Experimental Section
General Methods and Instrumentation. Nuclear Magnetic Resonance (NMR) spectra
were recorded on Varian Mercury-500 NMR Spectrometer. Chemical shifts are referenced to
residual solvent. Polymer molecular weights were determined by Gel Permeation
Chromatography (GPC) versus polystyrene standards (Polysciences, Warrington, PA) using
THF as the eluent at a flow rate of 1.0 mL/min in a Waters series 1525 HPLC system equipped
with four Styragel HT columns operated at 35 'C, Waters in-line degasser AF, 717Plus
Autosampler, 2414 refractive index detector, and 2487 dual k absorbance detector. Appropriate
amount of sample (- 1 mg/mL) was dissolved in THF and passed through a 0.45 ptm PTFE
syringe filter (Whatman, Clifton, NJ) prior to injection into the column. Glass transition
temperatures (Tg) were measured on Q1000 Auto Modulated Differential Scanning
Calorimeter (DSC) (TA Instruments) at the scanning rate of 10 oC/min with a nitrogen gas flow.
Three cycles were recorded for each sample. Density measurements were taken using a
Micromeretics AccuPyc 1330 He pycnometer by researchers at DuPont using an average of 10
data points. The pycnometer fills an enclosed chamber containing the samples of known mass
with helium gas to measure the volume occupied by the sample. Density is calculated by
dividing the mass and volume measurements. A TA Instruments Advanced Rheometer 2000
was used on circular disk specimens with the same geometry as used for compression testing.
Frequency sweeps from 100 to 0.1 rad/sec and temperature sweeps from 200 down to 160 oC at
10 % strain were used to generate master curves through time-temperature superposition.
Entanglement molecular weight (Me) was calculated from the measured plateau modulus,
which was identified by the minimum in the tan 6 vs. frequency curve. Three samples were
tested per polymer for all characterizations unless specifically noted otherwise. All synthetic
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manipulations were carried out under an argon atmosphere using standard Schlenk techniques
unless otherwise noted. Glassware was oven-baked and cooled under nitrogen atmosphere. All
organic extracts were dried over anhydrous Na2SO4 and filtered prior to solvent removal under
reduced pressure. The products were dried under vacuum at least overnight to constant weight
before weighing and calculating yields.
Materials. All solvents were of spectroscopic grade unless otherwise noted. Anhydrous
dichloromethane and tetrahydrofuran were obtained using a solvent purification system
(Innovative technologies) immediately before using. IUP is a high viscosity grade BPA
polycarbonate supplied by Mitsubishi Engineering Plastics under the commercial name
Iupilon® E2000. Triptycene hydroquinone was synthesized by Triton Systems, Inc. of
Chelmsford, Massachusetts. All other chemicals were of reagent grade and used as received.
Melt Polymerization for High Molecular Weight Triptycene Polycarbonates. In a
500 mL three-neck reaction vessel, triptycene hydroquinone (TR) and bisphenol-A (BPA) were
added at the desired molar ratios (5:95, 15:85 or 25:75) to 1.08 equivalent (to the total moles of
TR and BPA) diphenyl carbonate (DPC) (54.10 g, 0.25 mol). The reaction vessel was equipped
with an overhead mechanical stirrer, a vacuum distillation head, and a gas outlet connected to a
bubbler. While stirring, the vessel was evacuated and refilled with argon three times. The
reaction mixture was then heated to 190 oC under a slow flow of argon (1-2 bubbles/second)
and was kept at that temperature for 0.5 h. Tetramethylammonium hydroxide (50 giL 10 wt %
aqueous solution) and sodium hydroxide (9 jiL 0.1 wt % aqueous solution) were quickly
injected into the vessel. After the mixture was stirred at 190 oC for another 0.5 h, the
temperature was increased to 220 oC followed by slow decrease of pressure to 200 torr. After
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the mixture was stirred at 220 oC and 200 torr for 1 h, the temperature was increased to 250 OC
and held for 0.5 h. At 250 OC, the pressure was stepwise lowered to 150 torr, 100 torr and 15
torr, and kept at each step for 0.5 h. Then, the temperature was increased to 280 oC, the
pressure was decreased to 2 torr, and the mixture was stirred at this stage for 0.5 h. Finally, full
vacuum (- 0.8 torr) was applied to ensure maximum removal of phenol. When content became
unstirrable, it was removed from heating and stirring. The content was cooled to room
temperature under full vacuum followed by the addition of 200 - 300 mL dichloromethane.
The solution was filtered through a 25 micron Teflon® filter followed by precipitation to 2 L
methanol. The polymer was received as a pale white solid. GPC indicated there was a single
polymer component. The polymer was characterized by 'H NMR and the ratio calculated from
1H NMR closely matched the feeding ratio. 1H NMR (500 MHz, CDC13) 8: 7.44-7.03 (m, ArH),
5.72 (s, CH), 1.70 (s, CH3).
Sample Preparation for Mechanical Tests. T-PC solutions were prepared by dilute
solvent mixing with a spinner in dichloromethane at room temperature overnight. Solutions
were allowed to evaporate in a fume hood for 2-3 days in Teflon® dishes, leaving behind
crystallized films. These films were ground into a fine powder and then stored in a vacuum
oven, along with fine powder of IUP, at 120 oC overnight before melt processing. Disks of
about 50 mm in diameter and 3 mm in thickness were compression molded at 265 'C. Finally,
the compression molded disks were machined into two specified sample geometries: cylinders
and rectangular bars. All samples were dried at 55 'C under vacuum for a minimum of one
week before mechanical testing to ensure the removal of water content.
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Uniaxial Compression Tests. Uniaxial compression tests were conducted over a span of
six decades in strain rate, ranging from about 10-' s' to 2000 s-. Specimens for all compression
tests were of right circular cylinder geometry, with a diameter of approximately 5 mm and a
height of 2.5 mm. Low to moderate rate testing (10- s'1 to 10-' s-) was conducted on a
Zwick/Roell Z010 servo-hydraulic testing machine at constant engineering strain rates. For
lubrication, thin Teflon® sheets were placed between the Zwick platens and specimen surfaces,
and WD-40 was used between the Teflon® sheets and platens.
High strain rate testing (1000 s-1 to 2000 s-) was performed on a compressive split-
Hopkinson pressure bar (SHPB) test apparatus designed in cooperation with and built by
Physics Applications, Inc. of Dayton, Ohio. This apparatus employs solid aluminum pressure
bars with a length of approximately 2.3 meters and a diameter of 19.05 millimeters. The
selected specimen geometry was chosen specifically for these high-rate compression tests,
where it has been shown that an aspect ratio of 1:2 (height:diameter) is optimal in negating the
effects of longitudinal and radial inertia in the specimen"1 while also minimizing wave
attenuation in the strain gage signals. 19 All high-rate specimens were lubricated with a thin
layer of petroleum jelly on both faces, and little to no barreling was observed.
Dynamic Mechanical Thermal Analysis. Dynamic Mechanical Thermal Analysis
(DMTA) testing was performed on a TA Instruments Q800 Dynamic Mechanical Analyzer.
Rectangular bar specimens (approximately 20 mm x 2 mm x 1.6 mm) were loaded in the
DMTA with a tensile pre-load (0.01 N) and scanned at 2 oC/min; displacement control mode
was used to oscillate about the pre-strain level such that total strain levels never exceeded 0.1
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% at temperatures below Tg. Materials were tested at frequencies of 1 Hz over the temperature
range of -140 to 170 oC.
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Ethylene-Evolving Metathesis Polymerizations in Ionic Liquids:
Novel Method for Making Triptycene Elastomers and Beyond
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6.1 Introduction
Based on our continuing studies on iptycene-containing polymers, it can be plausibly
concluded that the effects of molecular threading and interlocking derived from the internal
free volume (IFV) of iptycene molecules will have wide-spread applications. However, to date,
the flexible main-chain linkages connecting iptycenes in polymers synthesized in our lab
contain functional groups. A mechanistic question is thus posed on the roles of these functional
groups: are they promoting or weakening the enhancements of mechanical properties, or are
the enhancements due to the synergy between iptycenes and functional groups? To tease out
the role of heteroatoms and functional groups in the macroscopic properties of iptycene-
containing polymers, model polymers with only alkyl linkages between iptycene units are
highly desired. Additionally, such polymers may also exhibit a greater tolerance toward
stretching and thus allow for closer examination of iptycene's function during every stage of
deformation.
Owing to the fact that the iptycenes need to be directly incorporated into the main
chains of our polymers, fully-developed and broadly utilized chain-growth polymerizations,
such as free radical and ionic polymerizations, are not suitable for our system. Moreover,
conventional step-growth polymerizations are normally based on polycondensations, resulting
in functional group rich polymers. Therefore, we needed to develop new methods for
synthesizing the target polymers.
In this chapter, early investigations into new polymerization methods and
customizations of existing methods are briefly discussed. The use of ionic liquids (ILs) in ring-
opening insertion metathesis polymerization (ROIMP)1 is explored and the combination of
modified ROIMP and ILs is found to be a powerful method for making triptycene elastomers.
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Lastly, the newly developed method is successfully applied to the synthesis of two distinct 1,4-
linked and 2,6-linked triptycene elastomers.
6.2 Acetylenic Coupling
Among the vast number of step-growth polymerizations, acetylenic coupling
polymerizations2 initially seemed to be one of the very few candidates that can yield all-carbon
triptycene elastomers. This method utilizes the dimerization of two terminal alkynes to form a
butadiyne linkage, which can be subjected to post-polymerization hydrogenation and thereby
furnish a saturated polymer backbone free of functional groups. Acetylenic coupling has been
proven to be a convenient and highly efficient polymerization method for both conjugated
polymers3 and non-conjugated polymers.4
Scheme 6.1. Polymerizations Based on Acetylenic Coupling
/ BQ, CuI, Pd(PPh3)2C12
S tol/'Pr2NH, 65 /C
n
P
O +O
70, Insuble UI. l own powderI
1) Cul, 'Pr2NH, tol, 65 OC, 2 h
2) Pd catalyst, BQ, 65 OC, 3 d \ j 0 -
n
15 - 37% depending on catalysis
insoluble dark brown powder
Polymerizations based on this reaction were attempted and the results are summarized
in Scheme 6.1. An improved procedure that involves the use of benzoquinone (BQ) as the
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oxidant3 was applied. The triptycene dialkyne monomer was synthesized by a previous Swager
group member, Dr. Lokman Torun. Homopolymerization of the triptycene monomer furnished
an insoluble powder in excellent yield. The dark brown color of this polymer is likely due to
residual organometallic species and the insoluble nature of this polymer reflects its rigid
backbone and/or highly entangled network. The insoluble nature of the isolated product also
prevented post-polymerization transformations.
Copolymerization of the triptycene dialkyne with 1,5-hexadiyne was also attempted. To
ensure that both the monomers were completely converted to their respective copper acetylides
before meeting with the Pd catalyst, the reaction was carried out in two steps, with addition of
the Pd catalyst in the second step. Unfortunately, insoluble products were isolated in low yields
irrespective of the Pd source used. Based on our experience, it is highly possible that these
insoluble products are the homopolymerization product of 1,5-hexadiyne. It seems that the
acetylenic coupling polymerization generally favors homo-coupling rather than cross-coupling,
at least in the systems we have investigated (see Chapter 2 for the calixarene system).
6.3 Available Metathesis Polymerizations: RCM/ROMP Route and ADMET
As described in Chapter 3, an RCM/ROMP route was successfully applied to several
calixarene systems for the preparation of main-chain elastomers. The prerequisite of this
method is a ROMP monomer with a cyclic olefin, thus the synthesis of triptycene ROMP
monomers was pursued as shown in Scheme 6.2. Unlike the calixarene system, in which two
arms with terminal alkenes are positioned at close proximity due to calixarene's preorganized
conformation, the two arms in triptycene are at divergent 1,4-postions. Therefore, longer alkyl
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spacers between the triptycene and terminal alkene moieties were inserted with the hope that a
macrocycle can be formed at some point.
Unfortunately, triptycenes la and lb were unable to cyclize efficiently, even under
high dilution conditions. Triptycene 2a was detected in trace amounts mixed with inseparable
oligomers and 2b was not formed at all.
Scheme 6.2. Attempts of Synthesizing Triptycene ROMP Monomers
Br n
K2C03, DMF, 60 OC
la: n = 1, 58%
Ib: n = 2, 91%
Scheme 6.3. ADMET Polymerization in Organic Solvent
0 Grubbs Cat.
DCM, 40 OC
argon flow
lb 0 (to help remove ethylene gas)lb
Grubbs Cat. O(CH2)n
dilute soln.
DCM, 40 OC O
n(H2C)
2a: n = 1, 17%
including inseparable oligomers
2b: n = 2, 0%/o
SM fully recovered
35%
solvent
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Being unable to synthesize the monomers needed for ROMP, we turned to acyclic
diene metathesis (ADMET) polymerization. Conventionally ADMET is carried out either in
neat (for liquid monomers) under reduced pressure, or in concentrated organic solutions (for
solid monomers) with the help of a gentle flow of inert gas to remove the ethylene byproduct. 5
As shown in Scheme 6.3, the triptycene acyclic diene lb was subjected to traditional ADMET
conditions. The reaction was stopped when all the solvent had evaporated and the product was
isolated in low yield after purification. GPC analysis of the product indicated a mixture of low
molecular weight oligomers and no high molecular weight portions were detected. We can
explain this result by considering that removal of ethylene gas -- the main driving force for the
reaction -- under conventional conditions is inefficient, resulting in low degree of
oligomerization.
Scheme 6.4. ADMET Polymerization in Ionic Liquid
11 mol% Grubbs Cat.
80 - 100 OC, vacuum, 7 d ^V\"n
s bburG Cat M 
(kDa) M 
(kDa) PDI
PF6 1st generation 8.7 1218 1.47
[bmim]PF6  2nd generation 11.5 17.6 1.53
Ionic liquids (ILs) are an attractive alternative class of solvent. As a result of the fact
that they possess extremely high boiling points and essentially no detectable vapor pressures,
high temperature and high vacuum conditions become feasible in the reactions mediated by IL
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solvents. The idea was tested by performing the ADMET polymerization of lb in ILs (Scheme
6.4). Indeed much improved molecular weights were achieved in comparison to the ADMET in
organic solvents. However, the polymer products were soluble but not elastomeric, probably
due to their low molecular weights. Moreover, the polymerization requires high catalyst
loading (- 11 mol%) and the quenched catalysts cannot be thoroughly removed by aqueous
washing6 and precipitation (the non-elastomeric triptycene polymers cannot be purified by
column chromatography, which is the best way to remove ruthenium byproducts).7 Therefore,
the polymers retain a greenish-brown color from the quenched catalyst. The yields are good to
excellent, taking these inseparable deactivated catalysts into account.
6.4 Ionic Liquids in Organic Synthesis
The initial promise of ILs as metathesis solvents spurred us to take a deep survey on the
use of ILs in organic synthesis, especially in polymer synthesis. Since the objective of this
thesis is not to emphasize the many advantages of ILs, a detailed perspective is not provided
here; interested readers may find a vast volume of literature on this subject elsewhere.
Specifically a comprehensive resource is Ionic Liquids in Synthesis edited by Peter
Wasserscheid and Tom Welton.8 Since 2003,8a research on ILs has bloomed vividly and the
number of related publications has increased exponentially. The second edition8b of this book
appeared early this year and the content was enriched from one volume to two volumes, which
serves as a clue to the speed with which this area has grown in the past five years. The
American Chemical Society (ACS) also continuously compiled Symposium Series9 to present
the most frontier research profiles at certain periods of time, helping experts catch up with the
state-of-the-art. Additionally many review papers1o with different emphases are available for
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entry-level learning and entertainment, some focusing on general evolution of these materials
and some focusing on a specific category of properties or applications.
Among the many properties of ILs, the most attractive ones to chemists are: 1) ILs are
non-volatile, therefore, pollution can be reduced and separation of volatile organics is greatly
simplified. 2) ILs are miscible with many metal catalysts, organics, gases and even
biomolecules so homogeneous catalytic reactions are feasible. 3) On the other hand, ILs are
immiscible with many other organic solvents, making biphasic or multiphasic reactions
possible. 4) Many ILs can provide a non-coordinating and non-nucleophilic environment,
which sometimes favors catalytic reactions. 5) ILs can also provide a very broad and stable
temperature window for various reactions, ranging from -80 oC to 300 oC. 6) Many ILs can be
regarded as both organic molecules and salts so multiple sites are available for
functionalization, resulting in a potentially unlimited amount of designer ILs for specific tasks.
At the same time, the green aspects of ILs are controversial. Their toxicity data are
scarce and their impacts on human health and the environment have barely been studied, in
drastic contrast to their applications. Additionally, a majority of the ILs are not biodegraded
and cannot be incinerated, casting some shadow on their large-scale use in industry.
Applications of ILs in synthesis are historically divided into four categories: organic,
inorganic, polymer and bioprocess. We are particularly interested in metal-catalyzed reactions
in ILs, even more particularly, metathesis reactions in ILs.
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Table 6.1. Metathesis Reactions in ILs (adapted from ref. 11)
catalyst IL comments ref
metathesis with metals other than ruthenium
[bmim]Cl-A1C13- CM of linear olefins, e.g. conversion of 1-pentene to
W(OAr) 2CI4  Et2AlC12 form ethylene and 4-octene; no reaction details given; 12
system active for several runs.
CM of linear olefins, e.g. conversion of 1-hexene to 4-
WC16  [bmim]BF 4  octene and 5-decene; rather low conversion (<15-30%); 13
Na[ReO4] [bmim]Cl-AlC13  addition of 10-30% SnBu4 significantly increases the
yield and the selectivity for 4-octene (>95%).
ring-opening cross-metathesis of norbornene with
Mo(OR') 2(NAr)(=CHR) [emim]CI-AlCl 3  allyltrimethylsilylsilane; product extracted with hexane; 14conversion after one hour at r.t. ca. 80%, selectivity for
the disilylated product ca. 75%.
ruthenium-catalyzed metathesis reactions
[bmim]various
[omim]various
[bmim] BF 4
[bmim]PF 6
[bmim]PF 6
[emim]C1-AlC13
[bdmim]PF6
RCM of diallytosylamide and other dienes; product
extracted with diethyl ether; significant decrease in
activity after second cycle; yield depends on nature of IL,
best results with [bmim]PF6.
RCM of diallytosylamide and related dienes; full
conversion within seconds with microwave irradiation;
no data on recycling given.
RCM of diallytosylamide and related dienes in a
CH 2C12/IL solution; full conversion within seconds with
microwave irradiation; no data on recycling given.
RCM of poly(allyl arene)s at 80 oC.
RCM of N-carboxylmethyl-3-amino-1 ,7-octadiene;
aqueous workup.
ROMP of norbornene at 40 oC in an IL/toluene 1:4
biphasic system; product obtained via decantation; with
A significant decrease in activity after first run, B
remains highly active for three cycles then decreases
significantly.
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[bmim]various
ClC
Cy3P •c"C-Ph
X® Ph
Pr
N, O
1Pr yRu-
C PCy 3 Ph
PF6
C: R= -(CH2)3-D: R= -0-(CH2)4-
[bim]BF 4
[bim]OTf
[bmim]BF 4
[bmim]Cl-AlC13
[bmim]BF4
[bmim]PF 6
[bdmim]PF6
[bmim]PF6
[emim]Cl-AlC13
[bpy]Cl-AlC13
[bmim]PF 6
[bmim]PF 6
[bmim]PF 6
RCM of diallytosylamide and other dienes; product
extracted with toluene; yield and rate strongly depend on
the anions (catalyst and IL), [OTff gives the best results;
slow decomposition of the catalyst, recyclability limited
to two cycles.
RCM of diallytosylamide; product extracted with Et20;
reaction proceeds significantly faster in the protic solvent
based on [bim]+; reaction rate is anion-dependent, with
[OTf]- giving the best results, no data on catalyst reuse
given.
RCM of 1,7-octadiene; product extracted with methyl-
tert-butyl ether, yield unchanged in second cycle (32%).
RCM of diallytosylamide and related dienes in a CH 2C12
solution doped with IL with microwave irradiation; low
conversion, probably due to catalyst decomposition.
ROMP of norbornene at 40 oC in an IL/toluene 1:4
biphasic system; product obtained via decantation;
activity remains high for four cycles, then decreases
significantly.
RCM of a, o-dienes with various heteroatom-substituents
in neat IL and IL/co-solvent mixtures; products isolated
via decantation/extraction (pentane, hexane, CH 2C12,
toluene) or aqueous workup; significant decrease of
catalyst activity after the first run.
RCM of diallytosylamide and related dienes; product
extraction with either Et20 or toluene; subsequent reuse
of catalyst results in drastic decrease of catalytic activity
due to leaching.
RCM of diallytosylamide and other dienes with C at 60
TC; high catalyst stability and very good conversion even
after 10 cycles; catalyst is stable in the IL for months.
RCM of diallytosylamide and other dienes with D in an
IL/CH 2C12 1:9 mixture at 50 oC; high catalyst stability
and very good conversion even after 10 cycles.
RCM of diallytosylamide and other dienes; toluene as
co-solvent; high recyclability at 25 oC; ruthenium
leaching ca. one order magnitude lower than previously
reported; tetra-substituted dienes could not be cyclized.
R = -(CH2) 3-
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Table 6.1 summarizes and provides appropriate references concerning the applications
of ILs in metathesis reactions. It is clear that since their debut in a cross metathesis (CM)
reaction, which is the pioneering work by Chauvin et al. in 1995,12 ILs are subsequently used,
almost exclusively, in ring-closing metathesis (RCM). RCM, particularly RCM of
diallytosylamide, was used as a proof of concept, demonstrating much simpler purification of
the target product. However, recyclability could not be realized by simply using readily
available catalysts. Thus, modifications were made to the catalyst, usually by attaching an
ionic-liquid-like tag to one ligand of the catalyst.23 25 The rare exception is a ring-opening
metathesis polymerization (ROMP) in a biphasic system, 19 which placed an emphasis on the
concise workup procedure. Ironically, the only reported example of metathesis polymerization
in pure ILs is a failed RCM reaction as shown in Scheme 6.5.26 The authors attempted to
perform a RCM reaction with an a,o-diene but instead of the desired cyclized product, "a large
percentage of polymer" plus "about 10% of dimers" were obtained, presumably through an
ADMET process. No characterization data of the claimed "polymer" were provided in the
patent, so both the nature of the product and value of the polymerization are vague.
Scheme 6.5. A Failed RCM Reaction in IL (adapted from ref. 26)
[e mim]CI-A ICI3 dime, polymes
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ILs have not received as much attention in the polymer world as in the world of small
molecule synthesis. One of the major concerns is that most polymers are poorly soluble in ILs.
Therefore, ILs are normally used in conjunction with a conventional organic solvent to form a
biphasic system, with the hopes of achieving simplified purification and immobilization of the
metal catalysts in the IL phase. Occasionally, ILs can act as a catalyst in acid-catalyzed
cationic polymerizations in addition to their traditional role as a solvent.27 Haddelton et al.
demonstrated that the free radical polymerization of methyl methacrylates (MMAs) in ILs
(typically [bmim]PF 6) sometimes yielded PMMAs in a pseudo-controllable fashion28 and that
the propagation step of the polymerization was dramatically accelerated due to the IL solvent.29
However, ILs are rarely found in transition metal-catalyzed polymerizations, which are more
powerful methods to construct polymers in a more controlled manner.
Another major concern is purity. ILs cannot be easily purified by conventional methods,
such as distillation, and impurities from the manufacturing process can potentially poison
transition metal catalysts. Readers may notice from Table 6.1 that early transition metal based
metathesis catalysts were extremely scarcely applied to IL conditions due to their high
sensitivity to impurities. Ruthenium-based catalysts are one of the rare successful examples,
thanks to their tolerance and stability. With the great successes of ILs in the electrochemical
synthesis of conducting polymers,30 it is safe to say that ILs have not exerted their full power in
polymer synthesis. Carmichael and Haddleton wrote in the 2003 edition of Ionic Liquids in
Synthesis that "it is readily apparent that the volume of research concerning polymerization of
any type in ionic liquids is sparse. It is not immediately clear why this is the case, and the field
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has not really started yet."31 Five years have passed but the corresponding volume of this
subject has not grown too much in the second edition of the book.8 b
While a clear answer to the above puzzle will not be presented in this chapter, we will
demonstrate later that ILs are the solvent of choice for making specialty polymers containing
unconventional molecular structures. The non-volatile property of ILs is fully utilized to permit
the application of high temperature and low pressure during polymer synthesis, which is
intuitive but always neglected in the previous studies. However, the singular use of ILs did not
guarantee the achievement of target polymers, as shown in Scheme 6.4. ILs need to be used in
conjugation with a modified ring-opening insertion metathesis polymerization (ROIMP),
which will be introduced in the following section.
6.5 ROIMP: Past and Present
ROIMP was first reported by Grubbs et al. in 2002.' In the original version, a cyclic
olefin (typically cis-cyclooctene, COE) and a diacrylate monomer were copolymerized in a 1:1
ratio to furnish a perfect A,B-altemating copolymer. The general reaction and proposed
mechanism are shown in Scheme 6.6. The reaction involves the fast and reversible ROMP of
COE followed by slow insertion of diacrylate into every double bond in the poly(COE) domain.
Due to the relatively high reactivity of COE in the presence of ruthenium-based metathesis
catalysts, a prepolymer backbone is constructed first then the diacrylate monomer comes in.
The insertion step is thermodynamically favored by forming a 1,2-disubstituted a,13-unsaturated
carbonyl compound (a 3 kcal/mol per bond calculated energy difference). Furthermore,
acrylate cannot cross-metathesize with itself,32 preventing homocoupling of the diacrylate
monomers and ensuring hetero-cross metathesis between the acrylate and double bond in
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poly(COE). Since the two monomers are fed at stoichiometric ratios, an A,B-altemating
copolymer can be accomplished in this manner. The overall mechanism is a hybrid of ROMP
and ADMET, and is fundamentally different from either chain-growth or step-growth
polymerization. The insertion step is rate-limiting but forming a thermodynamically more
stable bond can be a major driving force; therefore the reaction can be performed under mild
conditions, such as 40 oC and ambient pressure, although ethylene gas is liberated during
polymerization.
Scheme 6.6. The Original ROIMP Reaction (adapted from ref. 1)
ROMP
fast
f insertion
0 0 10 0
X slow
A,B-altemating copolymer
A year later, Slugovc et al. reported on a slightly amended version of ROIMP, in which
the cyclic olefin is replaced by an acyclic diene, and gave this process a new name: alternating
diene metathesis polycondensation (ALTMET).33 Although the concept is the same, ALTMET
broadens the monomer scope of ROIMP because acyclic dienes are much more abundant than
cyclic olefins.
Interestingly, neither ROIMP nor ALTMET attracted much attention in the polymer
community, despite their mechanistic innovation and very few examples using this
methodology to synthesize task-specific polymers can be found in the literature. One possible
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reason is that high molecular-weight polymers are hard to achieve with this method. The
thermodynamic energy bias may be too small to drive polymerization to a high degree without
external assistance, and the organic solvent used in the reaction prevents the application of
elevated temperatures and/or reduced pressures to provide such external assistance.
We considered ILs as ideal solvents for ethylene-evolving metathesis polymerizations
because their non-volatility is compatible with reaction conditions requiring high temperatures
and/or reduced pressures. Also, our targets are random triptycene copolymers without
functional groups, so diacrylates become unnecessary and undesired. We therefore adventured
in the copolymerization of a triptycene acyclic diene with a cyclic olefin in an IL solvent under
high temperature and vacuum, presumably through an amended ROIMP mechanism. It is
worth mentioning that after the new method was developed in the Swager group, the
copolymerization of perylenediimide (PERY) acyclic diene and COE was reported recently.34
However, conventional organic solvents were used in that case, resulting in either high
molecular-weight polymers with low PERY incorporation (essentially ROMP of COE) or low
molecular-weight polymers with high PERY incorporation. This further reinforces the
importance of ILs in modified ROIMP.
6.6 Modified ROIMP in ILs: Solution to Triptycene Elastomers
The modified ROIMP reaction in IL is depicted in Table 6.2. In a typical
polymerization, triptycene acyclic diene lb and COE are added in one batch into a sealable
tube containing an IL solvent. After thorough mixing, a suspension of Grubbs catalyst in an IL
is injected and the reaction mixture is initially heated in a tightly closed environment in order
to prevent loss of volatile COE and ensure formation of a poly(COE) prepolymer. The pressure
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is then gradually reduced to facilitate the insertion of acyclic diene lb into the prepolymer
backbone. Despite this multi-step procedure, nearly half of the COE comonomer is lost during
the reaction and the initial feed is therefore always at an excess to achieve sufficient
incorporation and result in a flexible polymer product.
Table 6.2. Modified ROIMP in ILs
COE ''
Grubbs [Ru] yielda Mn b Mw b Tg d Tm d
Cat. (mol%) (%) (kDa) (kDa) (PDIbC) (C)
1 lst gen 2 1:4 72 17.9 30.8 1.72 1:2 -19 N/A
2 2nd gen 1 1:5 88 49.9 104.0 2.09 1:3 -69 -10
3 2nd gen 1 1:4:1 NBEe 34 27.0 82.2 3.04 1:3 f -47 N/A
a Isolated yield after column chromatography. b Determined by GPC versus polystyrene
standards. c Determined by 1H NMR. d Determined by DSC. e one equivalent norbornene (NBE)
was added. f y is the sum of COE and NBE.
The common solvent [bmim]PF 6 is chosen as the IL because it has been proven to yield
the best results in ruthenium catalyzed metathesis reactions and is readily available in large
quantities. Grubbs second generation catalyst (entry 2) is superior to the first generation (entry
1), furnishing improved yield and much increased molecular weight. We will show later that
molecular weight is not directly correlated to catalyst loading, so the increase in molecular
weight in entry 2 cannot be ascribed to a decrease in catalyst loading.
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Triptycene incorporation in the copolymer of entry 1 is very high. The high
concentration of bulky triptycene units in the polymer backbone may inhibit stacking of the
short poly(COE) domain so that crystallinity is diminished, leading to the absence of a melting
point. The high molecular weight copolymer in entry 2 also has excellent triptycene
incorporation, but not as high as that of entry 1. This may allow weak crystallization of the
relatively longer poly(COE) domain, which manifests in the DSC as a small but detectable
melting peak at -10 OC. However, the Tg of this copolymer is extremely low, ensuring its
elastomeric nature.
Nevertheless, we wanted to completely eliminate crystallinity and achieve an
amorphous copolymer. To do so, the same strategy as described in Chapter 3 was utilized,
namely, a small portion of norbornene (NBE) comonomer was added in the copolymerization.
As shown in entry 3, addition of NBE results in decreased yield and molecular weight,
although the melting peak does disappear in the DSC. The reason for the lower conversion is
unclear but can be attributed to the different reaction pathway of ROIMP compared to co-
ROMP.
The modified ROIMP also inherits ILs' the most recognized benefit of simple
purification. The desired polymer product can be extracted with satisfactory purity by adding
toluene. Since commercially available ruthenium catalysts, not the customized catalysts with
ionic-liquid-like tags are used, there is slight leakage of Grubbs catalyst from the IL phase to
the organic phase, leaving the crude polymer with a pale yellow color. Fortunately, the
elastomeric triptycene copolymers can be further purified by column chromatography to
thoroughly remove ruthenium byproducts and residual IL solvent, providing colorless and
transparent elastomers. GPC analysis indicates the presence of only one polymer component in
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the product, ruling out the possibility of a physical mixture of two homopolymers. The
composition of the copolymers can thus be accurately determined by 'H NMR. As shown in
Figure 6.1, after polymerization, the terminal alkenes (labeled as a) of monomer lb
completely disappear from both the 1H and 13C NMR spectra. The internal alkenes (labeled as
b) of lb shift to higher fields and merge with other internal alkenes from COE, owing to the
newly formed connections. Very small peaks corresponding to the end groups of the polymer
can be observed in the 'H NMR spectrum, implying that the polymer is capped with alkenes.
yti
COE
a
i11 I.
b
i J
b + other
internal vinyl
carbons
150 145 140 135 130 125 120 115 110
ppm
I I ' I ' I ' I I I7.5 7.0 6.5 6.0 5.5 5.0
ppm
Figure 6.1. sp2 regions of 1H (left) and 13C (right) NMR spectra (monomer Ib: black, polymer:
red).
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C1l Ph
Grubbs second-generation catalyst
Cl Ru-
New catalyst I
New catalyst II
Figure 6.2. Ru-based metathesis catalysts tested in the modified ROIMP in IL.
Besides Grubbs first and second generation catalysts, other selected ruthenium
metathesis catalysts, such as Hoveyda-Grubbs (HG) second generation catalyst 35 and newly
commercially-available catalysts 136 and II37 (shown in Figure 6.2), were also tested. Under the
same conditions, copolymerization mediated by the new catalyst I or II yielded low molecular
weight polymers (Mn = 3.9 and 6.7 kDa, respectively). Reactions with HG second generation
catalyst produced a cleaner copolymer with slightly lower molecular weight (Mn = 40.2 kDa).
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Unlike the ADMET reaction shown in Scheme 6.4, in which catalyst loadings as high as 11
mol% are required, the modified ROIMP requires a much lower catalyst concentration. In
initial screening, we found that catalyst loadings as low as 1 mol% (with regard to the total
monomers of acyclic diene and COE) could furnish optimal polymer products, in terms of both
molecular weight and triptycene incorporation. Furthermore, HG second generation catalyst
has a strong tendency to stay in the IL phase, probably because its styrenyl ligand is more
soluble in the imidazolium-based IL than the tricyclohexylphosphine ligand. Therefore, if the
HG second generation catalyst is used, simple extraction itself can guarantee polymer purity,
circumventing the column chromatography step.
Scheme 6.7. Increasing Molecular Weight by ADMET of Copolymer
thoroughly purified
x:(y+z) = 1:3
Mn = 27.0 kDa
M, = 82.2 kDa
PDI = 3.04
II
3 mol% 2nd gen. Grubbs Cat.
[bmim]PF6
100 OC, vacuum, 7 days
insoluble gel, swells in organic solvents
We also attempted to further increase molecular weights by periodically adding fresh
aliquots of metathesis catalyst because it may decompose and lose activity under harsh
conditions and long reaction times. However, no enhancement was observed under these
conditions. We also vigorously purified a triptycene copolymer to completely remove
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organometallic byproducts, which can potentially interfere with the metathesis reaction, and
subjected it to a new cycle of ADMET-type polymerization in an IL, as shown in Scheme 6.7.
The molecular weight did increase but the polymer became insoluble after purification. Due to
the step-growth nature of ADMET polymerization, it is hard to control the degree of
polymerization. A systematic investigation is necessary to obtain a higher molecular-weight
and soluble copolymer. Nevertheless, it is nice to know that there is a way to further increase
molecular weight solely via ADMET because the polymer is capped with alkenes, but reaction
times are crucial to keep the product soluble.
Table 6.3. Hydrogenation of the Triptycene Copolymer
y
.n
entry condition results
1 50 psi H2, Pd/C, THF,1 50 psi H2, PdC THF trace hydrogenation, no degradation.
r.t., overnight
2 H2, [Ru], SiO2, IL, 80 oC, no hydrogenation, no clear phase separation between
24 h a IL and organic layers when doing extraction.
complete hydrogenation, some degradation (Mn: 32.5
3 TSH, TPA, toluene, kDa - 16.2 kDa), dramatic appearance change:
reflux, overnight b colorless transparent rubbery material - white
powder, solubility decreases a lot.
a one-pot with polymerization: add silica gel and bubble through H2 after polymerization.
b TSH: p-toluenesulfonhydrazide, TPA: tri-n-propylamine.
- 229-
Chapter 6
Ethylene-Evolving Metathesis Polymerizations in Ionic Liquids
Hydrogenation of the semi-crystalline triptycene copolymers was also investigated. As
illustrated in Table 6.3, three conditions were tested and only the TSH/TPA protocol 38 (entry 3)
works. The conventional H2/Pd/C method (entry 1) yields negligible hydrogenation with no
degradation. The one-pot method (entry 2), which employs a heterogeneous ruthenium catalyst
formed by the addition of silica gel directly to the reaction mixture39 and requires hydrogen gas
to be bubbled through the reaction, gives no hydrogenation at all and at the same time makes
extraction impossible. This is probably because the imidazolium-based IL used in the reaction
is converted to some derivative that is miscible with toluene. The homogeneous system (entry
3) can efficiently hydrogenate the copolymer to saturation but also degrades the polymer. More
frustrating, the properties and appearance of the reduced copolymer change dramatically. The
triptycene copolymer with saturated backbone becomes poorly soluble in organic solvents and
is no longer rubbery. An alternative modifying method to eliminate crystallinity without
introducing interactive functional groups is to hydrosilate the double bonds.
Nevertheless, the undesired results from the hydrogenation made us amend our original
plan and continue our studies with the unsaturated triptycene elastomers. Although they are
semi-crystalline, the melting peaks in DSC are very small, implying that the crystallinity is low.
Moreover, the alkene moieties are even slimmer than alkane moieties, so they can presumably
thread through the molecular clefts defined by the triptycene unit more easily. Additionally, the
unsaturated triptycene copolymers are soluble in organic solvents, thus allowing for solution
processing. Most importantly, they are rubbery and can be stretched to a large extent, which is
a prerequisite for our model study.
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We found that electrospinning40 is the best method to process the polymer in small
scales to form suitable specimens for mechanical tests. The solution-casting method generated
films with many defects (such as air bubbles) that are detrimental to tensile testing and
demanded large quantities of material. In contrast, electrospinning required only a small
quantity of polymer dissolved in a solvent. In general, as shown in Figure 6.3, the polymer
solution is first injected through a long needle. A high voltage is applied between the tip of the
needle and the receiving mat to break the surface tension of the droplet, facilitating the
formation of nanofibers.
r-uVI u mi %Ui1UU "
Figure 6.3. Schematic of electrospinning process (adapted from ref. 41).
In collaboration with Minglin Ma (a graduate student in the Rutledge group in
Chemical Engineering), defect-free and uniform nanofibers of the triptycene elastomers were
successfully fabricated. SEM images of the nanofibers are shown in Figure 6.4 and it is clear
that the fibers are very smooth. However, the diameter of the fibers (ca. 800 nm) was too small
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to perform mechanical testing accurately. There are quite a few parameters that can be tuned
during electrospinning, such as concentration of the polymer solution, injection speed and
diameter of the needle. Experiments perfecting the conditions to enlarge the polymer fibers are
ongoing, with the hope of achieving fibers with diameters of several microns in, which are
suitable for mechanical testing.
Mn = 49.9 kDa, PDI = 2.09
n
X 2000 X 10000
Figure 6.4. SEM images of triptycene elastomer nanofibers (courtesy of Minglin Ma).
6.7 2,6-Linked Triptycene Elastomers
Our success in developing modified ROIMP in ILs and applying this method to 1,4-
linked triptycene polymer systems made us confident to move on to the more challenging
target: 2,6-linked triptycene elastomer systems. As proposed in Chapter 1, this new polymer
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architecture may give rise to an unusual mechanical property: negative Poisson's ratio (NPR).
However, the synthesis of the monomers, 2,6-disubstituted triptycenes, was problematic and
tedious. The monomer precursor for 1,4-linked polymers, triptycene 1,4-hydroquinone, can be
easily synthesized in two steps from two cheap and readily-available starting materials in large
scales. As shown in Scheme 6.8, a Diels-Alder reaction between anthracene and benzoquinone
followed by tautomerization furnishes the 1,4-disubstituted triptycene. Both Dr. Lokman Torun
(a previous group member in Swager lab) and Triton Systems, Inc. were able to provide an
abundant stock of this substance in kilogram quantities following this route.
Scheme 6.8. Synthesis of Triptycene 1,4-Hydroquinone
O
reflux
O
AcOH, HBr
An efficient synthesis of 2,6-disubstituted triptycenes has not been reported. One can
start with dinitration of triptycene followed by several functional group transformations to
reach the target molecule but many side products, such as mono-substituted and many multi-
substituted isomers, are inevitably present and require tedious purifications. Sometimes the
byproducts also prove inseparable. 42 The existence of these impurities will significantly hinder
polymerization, either by terminating polymer propagation or inducing cross-linking.
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Scheme 6.9. Synthesis of Triptycenediols by Rh-Catalyzed [2+2+2] Cycloaddition (adapted
from ref. 43)
Q1' R'"
0
M -- R' i H - aR"
[rhodium catalyst]
Fortunately, Dr. Mark Taylor (a previous postdoctoral researcher in the Swager lab)
recently developed an efficient route to various triptycenediols by a rhodium-catalyzed [2+2+2]
cycloaddition (Scheme 6.9). 43 We envisioned that this method could be adopted for our
purpose by choosing the right starting anthraquinone species. It needs to be pointed out that the
products from this route will possess two hydroxyl groups at the bridgehead of triptycene,
instead of the hydrogens of our original design. However, we hypothesized that the hydroxyl
group is also small and will not fill up or block the IFV of the final polymer. Additionally,
these hydroxyl groups can serve as extra reactive sites for the installation of functional groups
or property tuning.
An optimized synthesis of 2,6-disubstituted triptycene monomers is outlined in Scheme
6.10. We started with anthraflavic acid 3, which is commercially available and relatively cheap,
and installed two arms with terminal alkenes in the first step. These arms have dual functions,
protecting groups necessary for the following lithium acetylide addition reaction and
polymerizable sites as well. The anthraquinone derivatives, 4, were then subjected to lithium
acetylide addition immediately followed by removal of the trimethylsilyl (TMS) protecting
groups to furnish intermediates 6 with the desired cis configuration, which is required for the
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next [2+2+2] cycloaddition. It is worth mentioning that Dr. Taylor has finely tuned the choice
of solvent in his synthesis of triptycenediols,43 and therefore, we were able to synthesize the cis
products, 5, with high selectivity by using non-polar solvents, such as toluene. The trans
products were formed almost exclusively if the lithium acetylide addition reaction was
performed in polar solvents, such as THF. The intermediates, 5, do not need to be purified
before deprotection, giving high yields over the two steps.
Scheme 6.10. Synthesis of 2,6-Disubstituted Triptycene Monomers
0 K2CO3 BrK 
TMSLOH cat. KI n O S Li
DMF, 600C, 12h O 9  toluene
n = 1, 70/o n PC --> 700C, 48
O n=2, 31%
3 n = 4, 86% 0 4a: n= 1
4b: n = 2
4c: n=4
tIu
OH
H / \
7~·n=n7:n H LO
n
n
n
RhC1(PPhM3
toluene, 650C, 0.5h
n=1, 75%
n = 2, 26%
n = 4, 84%
7b: n = 2
7c: n = 4 NaH, MeOTs, THF
-780C --> rt, overnight
n= 1, 99%
n = 4, 85%
Bu
/ / \ O' 8a: n = 1
Sn 8c: n = 4n
6a: n= 1
6b: n = 2
6c: n= 4
The cycloaddition reaction was initially problematic by under the established
conditions (105 oC, 14 h), because in our case Wilkinson's catalyst tends to isomerize the
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terminal alkenes to internal alkenes, which is detrimental for the subsequent metathesis
polymerization. Fortunately, we found that the desired monomers, 7, can be synthesized in
good yields (except 7b)44 without any isomerization of the terminal alkenes if the rhodium-
mediated [2+2+2] cycloaddition is carried out under lower temperature for shorter reaction
times (65 oC, 0.5 h). The newly optimized cycloaddition conditions allowed us to install the
terminal alkenes in the first step and thus avoid the use of trialkylsilyl protecting groups, which
would require extra deprotection and derivatization steps.
Triptycenediols 7 can undergo metathesis polymerization directly as the bridgehead
hydroxyl groups are inert to the polymerization conditions, owing to the high functional group
tolerance of ruthenium catalysts. Nevertheless, the bridgehead hydroxyls of 7 were also
methylated to generate triptycene monomers, 8, with enhanced solubility and decreased
polarity. By this route, a small library of 2,6-disubstituted triptycene monomers (both 7 and 8)
with varied arm lengths were synthesized and subjected to the aforementioned modified
ROIMP in ILs.
Two distinctly opposite trends in the relationship between reactivity and triptycene
monomer are observed. As shown in Table 6.4, if R = H in the triptycene monomers, the
longer the length of arms, the higher the reactivity (entries 1, 2, and 3), as defined by the
overall evaluation of molecular weight and triptycene incorporation. From entry 1 to entry 3,
the molecular weight of the desired soluble copolymer increases slightly but triptycene
incorporation increases dramatically. For the copolymerizations with low triptycene
incoporations, portions of the triptycene monomers are assumed to undergo
homopolymerization, resulting in insoluble products. In drastic contrast, if R = Me in the
triptycene monomers, the longer the length of arms, the lower the reactivity (entries 5 and 6).
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Copolymerization with 8ec (entry 6) produces a soluble copolymer with a much lower
molecular weight than that with 8a (entry 5). Even worse, the yield of the soluble copolymer
decreases and the yield of the insoluble homopolymer increases sharply, which means that the
majority of the triptycene monomer 8c undergoes separate ADMET-type polymerization
instead of insertion into the prepolymer backbone. As a result, 8c favors formation of the
undesired insoluble product and its incorporation into the copolymer must be very low.
Table 6.4. Modified ROIMP in IL with 2,6-Disubstituted Triptycene Monomers
Bu
1,+0
/ OR COE
n RO - n
R7
entry TR n R Ru [Ru]a TR:COE yield (%) Mnb Mb PDIb x: yC yield (%)d
Cat. mol% [soluble] (kDa) (kDa) [insoluble]
2nd1 7a I H 0.67 1:6 43 42.6 112.7 2.65 1:10.2 29Grubbs
2nd2 7b 2 H 0.67 1:6 68 43.0 99.2 2.31 1:4.7 3Grubbs
2nd3 7c 4 H 1 1:5 66 49.0 89.5 1.83 1:2.5 0Grubbs
2nd4 7c 4 H 0.25 1:5 45 27.1 48.4 1.79 1:6.6 0Grubbs
2nd5 8a 1 Me 0.67 1:6 81 39.2 93.5 2.39 1:3.4 0HG
2nd6 8ec 4 Me 1 1:6 15 13.6 27.4 2.01 n.d. 65HG
a To the total monomers fed (TR and COE). b Determined by GPC versus polystyrene
standards. C Determined by 1H NMR.
homopolymers.
The insoluble products should be triptycene
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It can be concluded that either monomer 7c (R = H, long armed) or 8a (R = Me, short
armed) is the best candidate for copolymerization, although the exact origins of their reactivity
are as of yet undetermined.
We initially planned to increase molecular weights by further decreasing catalyst
loading because ROIMP has a partial chain-growth mechanism (for the initial ROMP of COE).
We hypothesized that a lowered catalyst concentration might produce a longer poly(COE)
prepolymer backbone. However, our observation is that low catalyst loading results in low
molecular weight polymers with low triptycene incorporation (entry 4 vs. entry 3).
Ru=  Ru=
fast, reversible A B
ring-opening x x)
K-I
metathesize V
from the same
insertion
4ith the DB x
e monomer
Ru= Ru= metathesize with the DB
from another monomer
chain transfer
x E F
* ADM ET polymerization of the "macromonomers". cross metathesis
* Step-growth. Probably the MW-determining step.
G
Figure 6.5. Proposed mechanism of the modified ROIMP.
Based on this finding, we suspect that the mechanism of the modified ROIMP (acyclic
diene as the comonomer) is different from that of the original ROIMP (diacrylate as the
comonomer). The proposed mechanism is illustrated in Figure 6.5. It needs to be pointed out
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that only one pathway is shown. Unlike the original ROIMP, in which the ruthenium center
cannot reside on the acrylate side because this species is highly energetic and unfavored,32
herein ruthenium can stay on either the cleaved prepolymer or acyclic diene monomer, making
the mechanism even more complicated.
Our proposed mechanism also starts with the fast and reversible ROMP of COE to form
a prepolymer backbone (state A). This step is followed by the chopping off of one double bond
(DB) in the prepolymer and connecting one end of the acyclic diene monomer to the backbone
(states B and C). In state D, the catalytic center has two choices: either metathesize with the
DB from the same acyclic diene monomer to generate a fully inserted state E, or metathesize
with the DB from another acyclic diene monomer to give a terminated state F. The former
pathway is the desired insertion pathway and favors polymer growth while the latter is an
undesired chain transfer pathway that degrades the polymer. In the chain transfer pathway, the
polymerization ends with macromonomers containing terminal alkenes upon complete
consumption of the acyclic diene (state F). The last step is cross metathesis (CM) among these
macromonomers to yield higher molecular weight fragments (state G). Every step in the
mechanism is reversible so removal of the ethylene byproduct becomes extremely crucial to
drive polymerization forward. It is also obvious that the last CM step is the molecular weight-
determining step. This explains why low catalyst loading is not beneficial and why purifying
the crude copolymer and adding a new batch of catalyst can increase molecular weight.
Readers may notice that many kinds of metathesis reactions are involved in this
polymerization. A new, long name can thus be given to our proposed mechanism according to
traditional nomenclature: Ring-Opening Insertion Chain-Transfer Cross-Metathesis
Polymerization (ROICTCMP); however, we prefer not to use it.
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The IL used in all our polymerizations, [bmim]PF 6, is also the most widely used IL and
is proven to be the best IL solvent for almost all RCM reactions. There is a concern, however,
that the acidic proton in the 2-postion of the imidazolium ring may be abstracted and that the
resulting carbene may form a complex with ruthenium, deactivating the catalyst. To suppress
this process, methyl substituted [bmim]PF6, namely 1-butyl-2,3-dimethylimidazolium
hexafluorophosphate ([bdmim]PF 6), was also tested in our polymerization. Despite its success
in the biphasic ROMP of norbomene, 19 [bdmim]PF 6 yielded a polymer with a much lower
molecular weight (Mn = 9.6 kDa) and triptycene incorporation. Due to their limited availability,
other ILs were not screened.
Bu
O
0 
-1 3.4
m
Mn = 39.2 kDa, M, = 93.5 kDa, PDI= 2.39, T, = 2.4 OC
Figure 6.6. SEM image of electrospun 2,6-linked triptycene polymer (courtesy of Minglin Ma).
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As with the 1,4-linked triptycene elastomers, the 2,6-linked polymers can also be
electrospun to form fibers. With the 2,6-linkage, fibers with much larger diameters (up to 2 gim)
were spun (Figure 6.6). However, the mechanical properties of these electrospun fibers were
poor as a result of the low molecular weights and glass transition temperatures around room
temperature. More experiments are needed to further increase the molecular weights and
decrease glass transition temperatures of such polymers in order to achieve better mechanical
properties, especially the elastic properties required for the observation of NPR behavior.
6.8 Conclusions and Future Work
We have developed a modified ROIMP in ILs, which employs the use of simple acyclic
dienes as the comonomers and takes advantage of ILs' high boiling point to allow the
application of high reaction temperature and low pressure. This method is complementary to
the RCM/ROMP method described in Chapter 3 and also broadens the monomer scope of
traditional ROIMP. Acyclic diene monomers are much more accessible than cyclic olefins and
thus this is in general a more concise and practical approach to main-chain polymers,
especially elastomers, with complex molecular building blocks.
We have applied the newly developed method to synthesize triptycene elastomers with
two kinds of linkages: 1,4-linked polymers for fundamental studies on molecular threading and
interlocking mechanisms and 2,6-linked polymers for achieving the NPR property at the
molecular level. We also found that electrospinning is a suitable processing method to fabricate
defect-free specimens in small scales for mechanical testing. Additionally, during
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electrospinning process pre-alignment could be introduced to the polymer chains, which could
be beneficial for the exhibition of NPR behavior in later stretching process.
We believe that using ILs in polymerizations is not limited to the modified ROIMP.
Any polymerization that requires removal of volatile byproducts as a driving force can
potentially be performed in IL solvents, if other restrictions permit. The major concerns are the
solubility of the substrates and products, and compatibility of the catalyst with the IL solvents.
An immediate extension is the use of ILs for ADMET polymerization. ADMET is also an
ethylene-evolving polymerization whose monomer scope is conventionally restricted to liquids,
otherwise high molecular weight polymers are inaccessible. Some substituted divinylbenzenes
may be soluble in ILs and poly(phenylenevinylene)s (PPVs) could also be made by this simple
way. A preliminary study shows that the Suzuki coupling between diiodides and commercially
available potassium vinyltrifluoroborate 45 produces substituted divinylbenzenes with high
enough purity to participate in subsequent polymerizations. 46 However, all the substituted
divinylbenzenes we studied generated insoluble polymers by ADMET in ILs. Future work will
be focused on finding solublizing groups suitable for IL processes.
The shortcomings of our polymerization method are also obvious, such as harsh
conditions and long reaction times. Sensitive substrates may not survive the process. However,
the polymerization conditions have not been optimized. ILs other than [bmim]PF6, particularly
with longer alkyl substituents on the imidazolium ion, are worth trying. More efforts are
needed to tune the reaction. At the same time, mechanistic investigations are important to
better understand the relationships between reactivity and molecular structure, for example, the
unexpected reactivity difference between the monomers with varied lengths of arms.
Functionalities on the triptycene monomers may also have remote modulating ability on the
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reactivity. Improved polymers with better mechanical properties could be realized by both
reaction condition tuning and substrate optimizations, in conjunction with an improved
electrospinning process. In case a higher molecular weight triptycene elastomer is not
achievable, an alternative is to blend the current copolymer with commercial high molecular
weight polymers with simple backbones, such as polyethylene. This could also be a good
model study to probe the functions of triptycenes.
Lastly, another interesting direction is to polymerize triptycenes through their
bridgehead hydroxyl groups. Based on Dr. Taylor's original method and our recent
improvements, a wide variety of functionalized triptycenediols can be efficiently accessed. A
brief investigation demonstrated that these bridgehead hydroxyl groups are reactive in
condensation polymerizations with selective diisocyanates, forming 9,10-linked triptycene
polyurethanes. Copolymerizations with soft segment diols and other types of polymerizations
can be pursued to modulate polymer properties. This will open the door to a new class of
axially linked triptycene polymers,47 which might bear unexpected mechanical or other
properties.
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Experimental Section
General Methods and Instrumentation. Nuclear Magnetic Resonance (NMR) spectra
were recorded on a Varian Mercury-300 or Inova-500 NMR Spectrometer. Chemical shifts are
referenced to residual solvent. High-Resolution Mass Spectra (HRMS) were obtained on a
Bruker Daltonics APEX II 3 Tesla FTICR-MS. Polymer molecular weights were determined
by Gel Permeation Chromatography (GPC) versus polystyrene standards (Polysciences,
Warrington, PA) using THF as the eluent at a flow rate of 1.0 mL/min in a Waters series 1525
HPLC system equipped with four Styragel HT columns operated at 35 'C, Waters in-line
degasser AF, 717Plus Autosampler, 2414 refractive index detector, and 2487 dual X
absorbance detector. An appropriate amount of sample (- 1 mg/mL) was dissolved in THF and
passed through a 0.45 ýtm PTFE syringe filter (Whatman, Clifton, NJ) prior to injection into
the column. Glass transition temperatures (Tg) and melting temperatures (Tm) were measured
on Q1000 Auto Modulated Differential Scanning Calorimeter (DSC) (TA Instruments) in the
range of -90 oC to 70 oC at a scanning rate of 10 oC/min with a nitrogen gas flow. Three cycles
were recorded for each sample. Electrospinning was performed on a custom-build device with
a flow rate of 0.05 mL/min and electric strength of 20 kV/40 cm. Scanning Electron
Microscope (SEM) images were taken with a LEO A scanning electron microscope. All
synthetic manipulations were carried out under an argon atmosphere using standard Schlenk
techniques or in a nitrogen gas-filled glovebox (Innovative technologies) unless otherwise
noted. Glassware was oven-baked and cooled under nitrogen atmosphere. All organic extracts
were dried over anhydrous Na2SO4 and filtered prior to solvent removal under reduced
pressure. The products were dried under vacuum at least overnight to constant weights before
weighing and calculating yields.
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Materials. All solvents were of spectroscopic grade unless otherwise noted.
Anhydrous dichloromethane, toluene and tetrahydrofuran were obtained using a solvent
purification system (Innovative technologies) immediately before using. n-Butyllithium 1.6 M
in hexanes solution, anhydrous DMF and diisopropylamine were purchased from Aldrich as
Sure-Seal Bottles and used as received. Triptycene 1,4-hydroquinone was synthesized by either
Dr. Lokman Torun or Triton Systems, Inc. of Chelmsford, Massachusetts through the route
described in Scheme 6.8. 1,4-Bis(propargyloxy)-triptycene was prepared by Dr. Lokman
Torun. Benzoquinone (BQ) was recrystallized from ethanol and stored in dark in a refrigerator.
All other chemicals were of reagent grade and used as received.
General Method for Synthesizing 1. Triptycene 1,4-hydroquinone, 2.1 - 2.5 equiv.
K2C0 3 and catalytic amount KI (optional) were suspended in dry DMF. The mixture was
heated to 65 oC for 0.5 h and then 2.1 - 2.5 equiv. 5-bromo-l-pentene or 6-bromo-l-hexene
was added dropwise. The mixture was heated at 65 OC overnight before cooling to room
temperature. The solvent was removed under reduced pressure. The residue was partitioned
between DCM and 1 M HCl. The organic extract was washed with 1 M HC1, water, and brine
successively. After removing the solvent, the resultant solid was dissolved in minimum amount
of DCM and precipitated into a large amount of fresh MeOH. The white precipitate was
filtered after sitting in -40 oC freezer overnight followed by column chromatography.
1,4-Bis(pent-4-enyloxy)-triptycene (la): Triptycene 1,4-hydroquinone (4.295 g, 15
mmol), K2C0 3 (4.354 g, 31.5 mmol), DMF (20 mL), and 5-bromo-l-pentene (4.65 mL, 37.5
mmol). The product was obtained as an off white solid (3.650 g, 58%) after column
chromatography (hexanes:EtOAc 8:1). IH NMR (300 MHz, CDCl3) 8: 7.41 (dd, 4H, J = 5.2,
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2.0 Hz), 6.99 (dd, 4H, J = 5.2, 2.0 Hz), 6.49 (s, 2H), 5.92 (m, 2H), 5.89 (s, 2H), 5.13 (ddt, 2H, J
= 17.1, 1.9, 1.4 Hz), 5.05 (ddt, 2H, J = 10.2, 1.9, 1.4 Hz), 3.95 (t, 4H, J = 6.3 Hz), 2.34 (m, 4H),
1.95 (m, 4H). 13C NMR (75 MHz, CDC13) 8: 148.55, 145.93, 138.26, 135.85, 125.13, 123.93,
115.39, 110.75, 68.93, 47.63, 30.55, 28.88. HRMS-ESI (m/z) for C30H300 2 calcd. [M+Na]+:
445.2138; found: 445.2142.
1,4-Bis(hex-5-enyloxy)-triptycene (ib): Triptycene 1,4-hydroquinone (2.291 g, 8
mmol), K2C0 3 (2.764 g, 20 mmol), KI (332 mg, 2 mmol), DMF (25 mL), and 6-bromo-1-
hexene (2.25 mL, 16.8 mmol). The product was obtained as an off white solid (3.277 g, 91%)
after column chromatography (hexanes:EtOAc 95:5). '11H NMR (500 MHz, CDC13) 8: 7.42 (dd,
4H, J = 5.4, 2.1 Hz), 7.00 (dd, 4H, J = 5.4, 2.1 Hz), 6.51 (s, 2H), 5.92 (m, 2H), 5.90 (s, 2H),
5.13 (ddt, 2H, J = 17.1, 1.9, 1.4 Hz), 5.06 (ddt, 2H, J = 10.2, 1.9, 1.4 Hz), 3.97 (t, 4H, J = 6.4
Hz), 2.22 (m, 4H), 1.88 (m, 4H), 1.69 (m, 4H). 13C NMR (125 MHz, CDCl3) 8: 148.58, 145.95,
138.91, 135.87, 125.11, 123.93, 114.94, 110.76, 69.58, 47.66, 33.71, 29.13, 25.73. HRMS-ESI
(m/z) for C32H340 2 calcd. [M+Na]+: 473.2451; found: 473.2458.
General Method for Synthesizing 2. To a stirred solution of 1 in DCM, was added 5
mol% 2nd generation Grubbs catalyst in DCM solution. The reaction mixture was stirred at 40
TC for 5 h. After adding ethyl vinyl ether, it was cooled to room temperature and stirred for 0.5
h. The solvent was removed in vacuum and the residue was subjected to column
chromatography.
2a: la (127 mg, 0.3 mmol), 2nd generation Grubbs catalyst (12.7 mg, 0.015 mmol) and
300 mL DCM. The desired product together with inseparable impurities was obtained as a pale
white solid (20 mg, 17%) after column chromatography (hexanes:EtOAc 95:5). Majority of the
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unreacted la was recovered. 1H and '3C NMR spectra are very complicated, but appearance of
the small signature internal alkene peaks indicates the formation of 2a at very low yield.
2b: lb (135.2 mg, 0.3 mmol), 2nd generation Grubbs catalyst (12.7 mg, 0.015 mmol)
and 300 mL DCM. Unreacted lb was fully recovered after column chromatography
(hexanes:EtOAc 95:5).
General Method for Synthesizing 4. Anthraflavic acid 3, 2.5 equiv. K2CO3 and
catalytic amount KI were suspended in dry DMF. The mixture was heated to 70 oC for 0.5 h
and then 2.2 equiv. allyl bromide, 4-bromo-l-butene, or 6-bromo-l-hexene was added
dropwise. The mixture was heated at 60 - 70 oC overnight before cooling to room temperature.
The solvent was removed under reduced pressure. The residue was partitioned between DCM
and 1 M HC1. The organic extract was washed with 1 M HCl, water, and brine successively.
After removing the solvent, the resultant solid was dissolved in minimum amount of DCM and
precipitated into a large amount of fresh MeOH. The white precipitate was filtered after sitting
in -40 oC freezer overnight followed by column chromatography.
2,6-Bis(allyloxy)anthracene-9,10-dione (4a): Anthraflavic acid 3 (1.011 g, 4 mmol),
K2C0 3 (1.382 g, 10 mmol), KI (0.166 g, 1 mmol), DMF (20 mL), and allyl bromide (1.41 mL,
16 mmol). The product was obtained as a light yellowish orange solid (0.895 g, 70%) after
column chromatography (hexanes:EtOAc 4:1). 1H NMR (300 MHz, CDC13) 8: 8.20 (d, 2H, J =
8.6 Hz), 7.69 (d, 2H, J = 2.6 Hz), 7.22 (dd, 2H, J = 8.6, 2.6 Hz), 6.07 (m, 2H), 5.48 (ddt, 2H, J
= 17.2, 1.9, 1.5 Hz), 5.36 (ddt, 2H, J = 10.5, 1.9, 1.5 Hz), 4.71 (dt, 4H, J = 5.3, 1.5 Hz). 13C
NMR (75 MHz, CDC13) 8: 182.26, 163.51, 135.89, 132.23, 129.85, 127.34, 121.28, 118.79,
110.92, 69.45. HRMS-ESI (m/z) for C20H160 4 calcd. [M+H]+: 321.1121; found: 321.1110.
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2,6-Bis(but-3-enyloxy)anthracene-9,10-dione (4b): Anthraflavic acid 3 (1.011 g, 4
mmol), K2C0 3 (1.382 g, 10 mmol), KI (0.166 g, 1 mmol), DMF (20 mL), and 4-bromo-1-
butene (0.94 mL, 8.8 mmol). The product was obtained as a light yellowish orange solid (0.428
g, 31%) after column chromatography (hexanes:EtOAc 4:1). 1H NMR (300 MHz, CDC13) 8:
8.14 (d, 2H, J = 8.6 Hz), 7.62 (d, 2H, J = 2.6 Hz), 7.16 (dd, 2H, J = 8.6, 2.6 Hz), 5.89 (m, 2H),
5.20 (m, 2H), 5.14 (m, 2H), 4.15 (t, 4H, J = 6.7 Hz), 2.59 (m, 4H). 13C NMR (75 MHz, CDC13)
8: 182.15, 163.79, 135.81, 133.94, 129.73, 127.13, 120.99, 117.74, 110.55, 67.97, 33.52.
HRMS-ESI (m/z) for C22H200 4 calcd. [M+H]+: 349.1434; found: 349.1444.
2,6-Bis(hex-5-enyloxy)anthracene-9,10-dione (4c): Anthraflavic acid 3 (0.960 g,
3.876 mmol), K2C0 3 (1.339 g, 9.691 mmol), KI (0.161 g, 0.969 mmol), DMF (20 mL), and 6-
bromo-1-hexene (1.14 mL, 8.528 mmol). The product was obtained as a light yellow solid
(1.345 g, 86%) after column chromatography (hexanes:EtOAc 4:1). 1H NMR (300 MHz,
CDC13) 8: 8.23 (d, 2H, J = 8.6 Hz), 7.71 (d, 2H, J = 2.7 Hz), 7.23 (dd, 2H, J = 8.6, 2.7 Hz),
5.84 (m, 2H), 5.07 (m, 2H), 5.01 (m, 2H), 4.16 (t, 4H, J = 6.4 Hz), 2.16 (m, 4H), 1.88 (m, 4H),
1.62 (m, 4H). 13C NMR (75 MHz, CDC13) 6: 182.53, 164.18, 138.52, 136.03, 129.88, 127.19,
121.14, 115.19, 110.69, 68.77, 33.56, 28.65, 25.40. HRMS-ESI (m/z) for C26H280 4 calcd.
[M+H]+: 405.2062; found: 405.2082.
General Method for Synthesizing 5. To a solution of TMS-acetylene (5.2 equiv.) in
toluene maintained at 0 oC, was added dropwise 5 equiv. n-butyllithium (1.6 M in hexanes).
The mixture was warmed up to room temperature and allowed to stir for 45 min followed by
addition of 4. The reaction mixture was stirred at r.t. for 14 h and then 70 oC for 24 h. After
cooling down to 0 oC, the reaction was quenched by adding saturated NH4Cl aqueous solution.
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Then it was diluted by adding water and EtOAc. The aqueous layer was extracted with EtOAc
twice. The combined organic layer was washed with water and brine twice. The solvent was
removed and the crude product was carried over to the next step without further purification.
(9S,10S)-2,6-bis(allyloxy)-9,10-bis((trimethylsilyl)ethynyl)-9,10-
dihydroanthracene-9,10-diol (5a): TMS-acetylene (1.06 mL, 7.532 mmol), toluene (20 mL),
n-butyllithium (4.53 mL, 7.242 mmol), and 4a (464 mg, 1.448 mmol).
(9S,10S)-2,6-bis(but-3-enyloxy)-9,10-bis((trimethylsilyl)ethynyl)-9,10-
dihydroanthracene-9,10-diol (5b): TMS-acetylene (0.899 mL, 6.358 mmol), toluene (20 mL),
n-butyllithium (3.82 mL, 6.114 mmol), and 4b (426 mg, 1.223 mmol).
(9S,10S)-2,6-bis(hex-5-enyloxy)-9,10-bis((trimethylsilyl)ethynyl)-9,10-
dihydroanthracene-9,10-diol (5c): TMS-acetylene (1.47 mL, 10.4 mmol), toluene (25 mL), n-
butyllithium (6.25 mL, 10 mmol), and 4c (809 mg, 2 mmol).
General Method for Synthesizing 6. To a solution of crude 5 in degassed 1:1
THF/MeOH, was added KOH aqueous solution. The mixture was stirred at r.t. for 3 h followed
by dilution with EtOAc and water. The aqueous layer was extracted with EtOAc twice. The
combined organic layer was washed with water and brine twice. The solvent was removed and
the crude product was subjected to column chromatography.
(9S,10S)-2,6-bis(allyloxy)-9,10-diethynyl-9,10-dihydroanthracene-9,10-diol (6a):
crude 5a, 1:1 THF/MeOH (10 mL), and KOH (129 mg in 1 mL water). The product was
isolated as a light orange solid (437 mg, 81% over 2 steps) after column chromatography
(hexanes:EtOAc 3:1). 1H NMR (500 MHz, CDC13) 6: 8.01 (d, 2H, J = 8.5 Hz), 7.67 (d, 2H, J =
2.7 Hz), 6.93 (dd, 2H, J = 8.5, 2.7 Hz), 6.07 (m, 2H), 5.45 (m, 2H), 5.32 (m, 2H), 4.62 (dt, 4H,
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J = 5.3, 1.6 Hz), 4.00 (s, 2H), 3.03 (s, 2H). 13C NMR (125 MHz, CDCl3) 8: 159.17, 140.00,
133.07, 130.25, 129.06, 118.33, 114.79, 113.90, 82.92, 77.99, 70.19, 69.22. HRMS-ESI (m/z)
for C24H200 4 calcd. [M+Na]+: 395.1254; found: 395.1270.
(9S,10S)-2,6-bis(but-3-enyloxy)-9,10-diethynyl-9,10-dihydroanthracene-9,10-diol
(6b): crude 5b, 1:1 THF/MeOH (10 mL), and KOH (129 mg in 1 mL water). The product was
isolated as a light yellow solid (423 mg, 86% over 2 steps) after column chromatography
(hexanes:EtOAc 3:1). 1H NMR (500 MHz, CDC13) 8: 7.94 (d, 2H, J = 8.6 Hz), 7.58 (d, 2H, J =
2.6 Hz), 6.86 (dd, 2H, J = 8.6, 2.6 Hz), 5.92 (m, 2H), 5.20 (m, 2H), 5.14 (m, 2H), 4.84 (s, 2H),
4.07 (t, 4H, J = 6.7 Hz), 2.99 (s, 2H), 2.57 (m, 4H). 13C NMR (125 MHz, CDCl3) 8: 159.20,
139.86, 134.41, 130.08, 128.88, 117.39, 114.44, 113.53, 82.93, 77.80, 69.88, 67.53, 33.65.
HRMS-ESI (m/z) for C26H240 4 calcd. [M+Na]+: 423.1567; found: 423.1569.
(9S,10S)-9,10-diethynyl-2,6-bis(hex-5-enyloxy)-9,10-dihydroanthracene-9,10-diol
(6c): crude 5c, 1:1 THF/MeOH (14 mL), and KOH (129 mg in 1 mL water). The product was
isolated as a light yellow solid (639 mg, 70% over 2 steps) after column chromatography
(hexanes:EtOAc 3:1). 1H NMR (500 MHz, CDC13) 8: 7.99 (d, 2H, J = 8.6 Hz), 7.61 (d, 2H, J =
2.8 Hz), 6.89 (dd, 2H, J = 8.6, 2.8 Hz), 5.85 (m, 2H), 5.06 (m, 2H), 5.00 (m, 2H), 4.07 (s, 2H),
4.04 (t, 4H, J = 6.4 Hz), 3.01 (s, 2H), 2.15 (m, 4H), 1.84 (m, 4H), 1.60 (m, 4H). 13C NMR (125
MHz, CDC13) 68: 159.62, 139.92, 138.67, 129.92, 128.98, 115.02, 114.43, 113.59, 83.04, 77.83,
70.10, 68.18, 33.61, 28.81, 25.47. HRMS-ESI (m/z) for C30H320 4 calcd. [M+Na]+: 479.2193;
found: 479.2208.
General Method for Synthesizing 7. To a suspension of 6 in degassed toluene was
added 1-hexyne (10 equiv.) and Wilkinson's catalyst (5 mol%). The mixture was stirred at 65
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TC for 0.5 h. After cooling down to r.t., the solvent was removed and the crude product was
subjected to column chromatography.
Triptycenediol 7a: 6a (437 mg, 1.173 mmol), toluene (7 mL), 1-hexyne (1.35 mL,
11.73 mmol) and Wilkinson's catalyst (54.3 mg, 0.0587 mmol). The product was isolated as an
orange solid (398 mg, 75%) after column chromatography (hexanes:EtOAc 4:1). 1H NMR (500
MHz, CDC13) 8: 7.52 (d, 1H, J = 8.2 Hz), 7.51 (d, 1H, J = 8.2 Hz), 7.49 (d, 1H, J = 8.2 Hz),
7.44 (d, 1H, J = 1.4 Hz), 7.23 (d, 1H, J = 2.4 Hz), 7.20 (d, 1H, J = 2.4 Hz), 6.90 (dd, 1H, J =
8.2, 1.4 Hz), 6.60 (dd, 1H, J = 2.4, 1.4 Hz), 6.59 (dd, 1H, J = 2.4, 1.4 Hz), 5.95 (m, 2H), 5.34
(m, 2H), 5.22 (m, 2H), 4.63 (s, 1H), 4.84 (s, 1H), 4.31 (dt, 4H, J = 4.9, 1.5 Hz), 2.48 (t, 2H, J =
7.8 Hz), 1.47 (m, 2H), 1.31 (m, 2H), 0.88 (t, 3H, J = 7.3 Hz). 13C NMR (125 MHz, CDC13) 8:
156.82, 156.77, 147.07, 146.94, 144.99, 142.53, 140.25, 137.59, 137.46, 133.42, 133.40,
125.01, 119.73, 119.71, 118.99, 118.43, 117.42, 110.49, 110.46, 106.78, 106.73, 79.42, 79.35,
68.94, 68.93, 35.62, 33.71, 22.52, 21.18, 14.24. HRMS-ESI (m/z) for C30H300 4 calcd.
[M+Na]+: 477.2036; found: 477.2022.
Triptycenediol 7b: 6b (412 mg, 1.029 mmol), toluene (7 mL), 1-hexyne (1.18 mL,
10.288 mmol) and Wilkinson's catalyst (47.6 mg, 0.0514 mmol). The product was isolated as
an orange solid (127 mg, 26%) after column chromatography (hexanes:EtOAc 4:1). 'H NMR
(300 MHz, CDC13) 8: 7.48 (d, 1H, J = 6.7 Hz), 7.47 (d, 1H, J = 6.7 Hz), 7.45 (d, 1H, J = 6.7
Hz), 7.41 (d, 1H, J = 1.5 Hz), 7.18 (d, 1H, J = 2.4 Hz), 7.16 (d, 1H, J = 2.4 Hz), 6.90 (dd, 1H, J
= 6.7, 1.5 Hz), 6.59 (dd, 1H, J = 2.4, 1.5 Hz), 6.56 (dd, 1H, J = 2.4, 1.5 Hz), 5.84 (m, 2H), 5.14
(m, 2H), 5.09 (m, 2H), 4.17 (s, 1H), 4.04 (s, 1H), 3.82 (t, 4H, J = 6.7 Hz), 2.52-2.41 (m, 6H),
1.47 (m, 2H), 1.30 (m, 2H), 0.88 (t, 3H, J = 7.3 Hz). 13C NMR (75 MHz, CDCl3) 8: 157.19,
157.14, 146.92, 146.78, 144.89, 142.43, 140.39, 137.29, 137.17, 134.70, 125.13, 119.65,
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119.63, 118.90, 118.34, 117.00, 110.30, 110.26, 106.61, 106.56, 79.44, 79.37, 67.40, 35.68,
33.79, 33.74, 22.58, 14.31. HRMS-ESI (m/z) for C32H340 4 calcd. [M+Na]+: 505.2349; found:
505.2330.
Triptycenediol 7c: 6c (91.3 mg, 0.2 mmol), toluene (2 mL), 1-hexyne (0.23 mL, 2
mmol) and Wilkinson's catalyst (9.3 mg, 0.01 mmol). The product was isolated as an orange
solid (91 mg, 84%) after column chromatography (hexanes:EtOAc 4:1). 1H NMR (300 MHz,
CDC13) 6: 7.45 (d, 1H, J = 7.5 Hz), 7.44 (d, 1H, J = 7.5 Hz), 7.43 (d, 1H, J = 7.5 Hz), 7.39 (d,
1H, J = 1.3 Hz), 7.17 (d, 1H, J = 2.4 Hz), 7.15 (d, 1H, J = 2.4 Hz), 6.90 (dd, 1H, J = 7.5, 1.3
Hz), 6.58 (dd, 1H, J = 2.4, 1.3 Hz), 6.56 (dd, 1H, J = 2.4, 1.3 Hz), 5.83 (m, 2H), 5.04 (m, 2H),
4.99 (m, 2H), 3.93 (s, 1H), 3.82 (s, 1H), 3.81 (t, 4H, J = 6.3 Hz), 2.51 (t, 2H, J = 7.5 Hz), 2.10
(m, 4H), 1.72 (m, 4H), 1.51-1.47 (m, 6H), 1.30 (m, 2H), 0.88 (t, 3H, J = 7.2 Hz). 13C NMR (75
MHz, CDCl3) 6: 157.42, 157.37, 146.91, 146.78, 144.91, 142.44, 140.40, 138.75, 137.11,
136.98, 125.15, 119.59, 119.57, 118.84, 118.29, 114.85, 110.18, 110.14, 106.49, 106.45, 79.42,
79.35, 68.01, 35.71, 33.83, 33.55, 28.83, 25.42, 22.60, 14.34. HRMS-ESI (m/z) for C36H420 4
calcd. [M+H]+: 539.3156; found: 539.3146.
General Method for Synthesizing 8. To a solution of 7 in THF at -78 oC was added
excess NaH. The mixture was stirred at -78 oC for 45 min followed by addition of methyl
tosylate (MeOTs). The mixture was allowed to warm up to r.t. and stirred overnight under a
slow flow of argon. The reaction was quenched by addition of 1 M HCl at 0 oC and diluted
with water and EtOAc. The aqueous layer was extracted with EtOAc twice. The combined
organic layer was washed with 1 M HCl, water and brine successively. The solvent was
removed and the crude product was subjected to column chromatography.
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Methylated triptycenediol 8a: 7a (175 mg, 0.385 mmol), NaH (49 mg, 1.925 mmol),
THF (4 mL), and MeOTs (0.595 mL, 3.85 mmol). The product was isolated as a light yellow
solid (183 mg, 99%) after column chromatography (hexanes:EtOAc 4:1). 1H NMR (300 MHz,
CDC13) 8: 7.51 (d, 1H, J = 7.7 Hz), 7.50 (d, 1H, J = 7.7 Hz), 7.50 (d, 1H, J = 7.7 Hz), 7.46 (d,
1H, J = 1.5 Hz), 7.27 (d, 1H, J = 2.4 Hz), 7.26 (d, 1H, J = 2.4 Hz), 6.92 (dd, 1H, J = 7.7, 1.5
Hz), 6.62 (dd, 1H, J = 2.4, 1.5 Hz), 6.59 (dd, 1H, J = 2.4, 1.5 Hz), 6.05 (m, 2H), 5.42 (m, 2H),
5.29 (m, 2H), 4.53 (dt, 4H, J = 5.3, 1.5 Hz), 4.36 (s, 3H), 4.34 (s, 3H), 2.60 (t, 2H, J = 7.6 Hz),
1.60 (m, 2H), 1.37 (m, 2H), 0.95 (t, 3H, J = 7.2 Hz). 13C NMR (75 MHz, CDCl 3) 6: 156.49,
156.42, 146.84, 146.63, 144.72, 142.06, 139.96, 137.10, 136.92, 133.51, 124.85, 121.94,
121.84, 121.09, 120.76, 117.72, 109.90, 109.06, 108.87, 86.29, 86.17, 69.18, 57.63, 57.56,
35.77, 33.91, 22.63, 14.13. HRMS-ESI (m/z) for C32H340 4 calcd. [M+Na]+: 505.2349; found:
505.2354.
Methylated triptycenediol 8c: 7c (538.7 mg, 1 mmol), NaH (126 mg, 5 mmol), THF
(11 mL), and MeOTs (1.54 mL, 10 mmol). The product was isolated as a light orange solid
(483 mg, 85%) after column chromatography (hexanes:EtOAc 8:1). 'H NMR (500 MHz,
CDC13) 8: 7.57 (d, 1H, J = 7.7 Hz), 7.55 (d, 1H, J = 7.7 Hz), 7.55 (d, 1H, J = 7.7 Hz), 7.52 (d,
1H, J = 1.5 Hz), 7.31 (d, 1H, J = 2.4 Hz), 7.30 (d, 1H, J = 2.4 Hz), 6.97 (dd, 1H, J = 7.7, 1.5
Hz), 6.64 (dd, 1H, J = 2.4, 1.5 Hz), 6.62 (dd, 1H, J = 2.4, 1.5 Hz), 5.91 (m, 2H), 5.12 (m, 2H),
5.07 (m, 2H), 4.43 (s, 3H), 4.40 (s, 3H), 4.00 (t, 4H, J = 6.4 Hz), 2.65 (t, 2H, J = 7.7 Hz), 2.19
(m, 4H), 1.84 (m, 4H), 1.67-1.59 (m, 6H), 1.43 (m, 2H), 1.00 (t, 3H, J = 7.4 Hz). 3C NMR
(125 MHz, CDC13) 8: 156.95, 156.88, 146.85, 146.64, 144.76, 142.10, 139.81, 138.64, 136.75,
136.58, 124.77, 121.87, 121.78, 121.05, 120.71, 114.82, 109.44, 108.78, 108.60, 86.28, 86.17,
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67.94, 57.53, 57.46, 35.72, 33.87, 33.53, 28.82, 25.41, 22.56, 14.08. HRMS-ESI (m/z) for
C38H460 4 calcd. [M+Na]+: 589.3288; found: 589.3308.
General Method for Homopolymerization Based on Acetylenic Coupling. To a 10
mL Schlenk flask were added 1 mmol 1,4-bis(propargyloxy)-triptycene, 1.25 mmol BQ, 0.32
mmol Cul, 0.025 mmol Pd(PPh3)C12, 1.5 mL toluene and 1 mL diisopropylamine. The reaction
mixture was heated at 65 oC for 3 d then cooled down to r.t.. The mixture was diluted with
chloroform and washed with 1 M HC1, 30 wt% NH40H aqueous solution, 1 M HC1, 30 wt%
NH40H aqueous solution, water and brine successively. The organic solution was concentrated
and precipitated into MeOH. The dark brown powder was filtered and dried. It was no longer
soluble in any organic solvent. The yield was nearly quantitative (98%) but the product
contained inseparable catalyst byproducts.
General Method for co-Polymerization Based on Acetylenic Coupling. To a 10 mL
Schlenk flask were added 0.5 mmol 1,4-bis(propargyloxy)-triptycene, 5 mmol CuI, 2 mmol
1,5-hexadiyne, 3.5 mL toluene and 2 mL diisopropylamine. The reaction mixture was heated at
65 OC for 2 h then 0.0625 mmol Pd catalyst (Pd(0) or Pd(II)) and 3.125 mmol BQ were added.
The reaction mixture was heated at 65 oC for 3 d then cooled down to r.t.. The mixture was
diluted with chloroform and washed with 1 M HC1, 30 wt% NH40H aqueous solution, 1 M
HC1, 30 wt% NH40H aqueous solution, water and brine successively. The organic solution
was concentrated and precipitated into MeOH. The dark brown powder was filtered and dried.
It was no longer soluble in any organic solvent. The yield varied from 15 to 37% depending on
the Pd catalyst used.
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General Method for ADMET Polymerization in Organic Solvent. To a concentrated
solution of lb in DCM (typically 1 M) was added 7 mol% 2nd generation Grubbs catalyst. The
reaction mixture was refluxed (40 oC) under a gentle flow of argon until the solvent evaporated
(typically overnight). A minimum amount of DCM was added to dissolve the solid reaction
mixture and this concentrated solution was precipitated into MeOH. The resulting powder was
filtered and subjected to GPC analysis, which revealed that there was no polymer component
but only low molecular weight oligomers (inserted graph in Scheme 6.3).
General Method for ADMET Polymerization in IL. To a 25 mL Teflon-capped tube
with a side arm (connected to vacuum line) were added 0.5 mmol ib, 1.5 mL [bmim]PF 6, and
0.055 mmol first or second generation Grubbs catalyst. The reaction mixture was stirred at 80
oC and the pressure was gradually reduced to full vacuum (15 - 20 mTorr). The reaction was
stirred at 80 to 100 oC under full vacuum over 7 d. After cooling down to r.t., toluene
containing a small amount of ethyl vinyl ether was added and the biphasic mixture was
vigorously stirred in the sealed tube at 80 oC for 1 h. After cooling down to r.t., the upper
organic layer was taken out. The IL layer was extracted with toluene two more times in the
same manner. The combined organic solution was concentrated and precipitated into MeOH.
The dark greenish brown solid was filtered and dried. The yield was nearly quantitative,
however, the product contained catalyst byproducts. It was not possible to purify the crude
product by column chromatography. GPC indicated that the molecular weight of this sample
was improved over the previous case, but still low. Also the ADMET polymer was not rubbery.
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General Method for Modified ROIMP in IL. To a 10, 25 or 50 mL Teflon-capped
tube with a side arm (connected to vacuum line) were added triptycene acyclic diene 1, 7 or 8,
4 - 6 equivalent COE and an appropriate amount [bmim]PF 6 to make concentration of the total
monomers - 0.3 M. The mixture was stirred in the sealed tube under 80 oC for 0.5 h. Then the
ruthenium metathesis catalyst (typically 1 mol% of the total monomers) in 0.5 mL [bmim]PF 6
suspension was quickly injected into the mixture. The reaction mixture was stirred at 80 OC
under tightly closed environment for 1 h. Then the pressure was gradually reduced to full
vacuum (15 - 20 mTorr) over 5 h. It was stirred at 80 to 100 oC under full vacuum for 7 d.
After cooling down to r.t., toluene containing a small amount of ethyl vinyl ether was added
and the biphasic mixture was vigorously stirred in the sealed tube at 80 oC for 1 h. After
cooling down to r.t., the upper organic layer was taken out. The IL layer was extracted with
toluene two more times in the same manner. The combined organic solution was concentrated
and precipitated into MeOH. The filtered light brown or pale white (depending on the source of
metathesis catalyst) crude polymer was further purified by silica gel column chromatography
(hexanes:EtOAc 4:1) to yield a colorless and transparent elastomer. A representative reaction is
shown below.
Triptycene elastomer (from entry 1, Table 6.2): The polymerization was carried out
with lb (81.1 mg, 0.18 mmol), COE (99 ptL, 0.72 mmol), first generation Grubbs catalyst (14.8
mg, 0.018 mmol) and 3 mL [bmim]PF6 in a 25 mL sealable tube. The polymer product was
isolated as a colorless and transparent elastomer (115 mg, 72% to the total monomers) after
extraction, precipitation and column chromatography (hexanes:EtOAc 4:1). The molar ratio of
triptycene and COE in the copolymer was determined to be 1:2 by 'H NMR. 'H NMR (500
MHz, CDC13) 8: 7.45 (bm, 4H), 7.03 (bm, 4H), 6.53 (s, 2H), 5.94 (s, 2H), 5.60-5.42 (bm, 6H),
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3.98 (bs, 4H), 2.18-1.35 (bm, 36H). 13C NMR (125 MHz, CDCl3) 8: 148.58, 145.96, 135.82,
131.13-130.04 (multiple internal alkenyl carbons), 125.07, 123.90, 110.75, 69.64, 47.66, 32.86,
32.82, 32.51, 29.94- 26.41 (multiple alkyl carbons).
Hydrogenation of Triptycene Elastomer. A solution of 100 mg triptycene-COE
copolymer (Mn = 32.5 kDa, PDI = 2.26) in 20 mL toluene was heated to reflux followed by
addition ofp-toluenesulfonhydrazide (385 mg, 2 mmol) and tripropylamine (0.38 mL, 2 mmol).
After refluxing for 3 h, another 2 mmol portion of p-toluenesulfonhydrazide and
tripropylamine was added. The mixture was refluxed overnight followed by hot filtrations
through an alumina plug. After washing with excess CHC13, the combined organics were
washed with brine twice and concentrated to a thick oily liquid. The residue was precipitated
into a large amount of MeOH. The precipitate was filtered and washed with excess fresh
MeOH. The hydrogenated polymer was obtained as a white powder (89 mg, 89%). The
hydrogenated polymer has much lowered solubility in organic solvents. Mn = 16.2 kD, PDI =
1.56. 1H NMR (300 MHz, CDCl3) 6: 7.39 (bm, 4H), 6.96 (bm, 4H), 6.47 (s, 2H), 5.87 (s, 2H),
3.91 (bt, 4H), 1.80-1.16 (bm, alkyl protons).
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